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Strains of red fox (Vulpes vulpes) with markedly different behavioral phenotypes have 
been developed in the famous long-term selective breeding program known as the Russian farm-
fox experiment. Here we sequenced and assembled the red fox genome and re-sequenced a 
subset of foxes from the tame, aggressive, and conventional farm-bred populations to identify 
genomic regions associated with the response to selection for behavior. Analysis of the 
resequenced genomes identified 113 regions with either significantly decreased heterozygosity in 
one of the three populations or increased divergence between the populations. A strong 
positional candidate gene for tame behavior was highlighted: SorCS1, which encodes the main 
trafficking protein for AMPA glutamate receptors and neurexins and suggests a role for synaptic 
plasticity in fox domestication. Other regions identified as likely to have been under selection in 
foxes during domestication include genes implicated in human neurological disorders, in mouse 
behavior, and in dog domestication. The fox represents a powerful model for the genetic analysis 
of affiliative and aggressive behaviors that can benefit genetic studies of behavior in dogs and 
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Complex mammalian social behaviors include affiliation, aggression, anxiety, and fear. 
Deciphering the biology of these behaviors presents a complex and important challenge. While a 
significant genetic component for these behaviors has been demonstrated1, and some molecular 
mechanisms involved were identified2-5, there is still much to learn.  
Affiliation, aggression, anxiety, and fear are consistently found to be associated with human 
neurological disorders6-8. Despite significant progress in studying these disorders using genome 
wide association studies (GWAS), establishing functional connections between identified genetic 
polymorphisms and impaired behaviors has proven to be extremely difficult9,10. The many loci 
involved, the association of risk alleles with genes of unknown behavioral effect, and the genetic 
heterogeneity of these disorders impede understanding of the roles played by genes in impaired 
behaviors. Animal models provide an important and significant complement to human studies. 
Behavioral screening of genes identified in GWAS using transgenic models has proven powerful 
for shedding light on the behavioral functions of identified genes, but this approach also carries 
inherent limitations9-11. Among them is the narrow spectrum of behaviors that can be studied in 
traditional models. For example, analyses of aggressive behavior in rodents are usually limited to 
studies of inter-male aggression12. Studies in voles have provided fundamental insights into the 
role of the oxytocin and vasopressin systems in affiliative behavior2,4,13-15, but the spectrum of 
behaviors that can be studied in this model contains only certain aspects of the affiliative 
behavioral system16. Rodent, fish, and insect models play a critical role in studying gene effects 
on behavior, but a larger arsenal of animal models intermediate between humans and rodents in 
behavioral complexity is needed to expand a spectrum of behaviors which can be studied in such 






Silver fox, a coat color morph of the red fox, Vulpes vulpes, has been recently domesticated 
through selection focused specifically on behavioral traits17-20. The fox project was started in 1959 
by the evolutionary geneticist, Dmitry Belyaev, who selected about 150 foxes from fox farms 
around Russia that showed a less fearful and aggressive response to humans to experimentally 
test his hypothesis that selection for low aggression and anxiety was the first step in the course of 
animal domestication17,19,21,22.  During the first years of the experiment at the Institute of Cytology 
and Genetics (ICG), foxes were selected against aggression and fear; subsequently, selection for 
an emotionally positive ("friendly") response to humans was applied22.  Only the tamest 
individuals in each generation, less than 10%, were bred to produce the next generation, while a 
deliberate effort was simultaneously made to avoid inbreeding17,18,22,23.The response to selection 
was extremely rapid: the first tame animal classified as “elite of domestication” appeared in 
generation four, 1.8% of such foxes were observed at generation six, and by generation 45 almost 
all foxes belonged to that category22. Foxes in the tame population show a friendly response to 
humans as early as one month postnatally and remain friendly throughout their entire lives. They 
are eager to establish human contact, whimper to attract attention, and sniff and lick similarly to 
dogs. 
Initially, the project was designed to select foxes only for tame behavior, but the need for a 
second strain selected for a contrasting behavior became apparent.  Therefore, selection of foxes 
for aggressive behavior was started in 197017-19. Here the critical distance at which a fox started to 
demonstrate an aggressive response to an experimenter approaching its cage and the intensity of 
the aggressive response were the main selection criteria. Similarly to the tame strain, close 
inbreeding was avoided since the beginning of the selective program. Foxes from the population 
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selected for aggressive behavior demonstrate anxious behavior in the presence of humans and 
become aggressive when approached24,25.  
The fox strains offer many advantages for studying the genetics of social behavior. Excellent 
records have been kept for the duration of the project, so every animal has a known pedigree 
since the beginning of the project. All animals are kept in similar and consistent conditions, 
removing a source of variation that can happen when humans handle animals with differing 
temperaments. Previous work, including cross fostering and cross implantation of embryos 
between the tame and aggressive strains has demonstrated the genetic basis for the behavioral 
differences observed. Finally, the behavioral phenotypes have been well characterized18,25-28. 
Additionally, foxes demonstrate more complex behavioral repertoires than do traditional animal 
models such as mice, which, while adding to the complexity of the analysis, allows the modelling 
of aspects of social behaviors related to behaviors impaired in human neurological disorders. 
Although the fox strains were produced several decades ago, one of the main shortcomings of the 
fox model, especially when compared to more traditional animal models, was a lack of genomic 
resources. In order to prepare the fox model for genetic studies, our first task was to characterize 
fox chromosomes and to make a dog/fox comparative map. The dog has a well characterized 
genome and excellent genomic resources. The close evolutionary relationship between the dog 
and the fox means that the dog genome can be used to develop fox resources; importantly, the 
sequences are related enough that primers designed from the dog sequence will often work in fox. 
This allowed us to both utilize already existing microsatellite markers and to develop new ones23.  
We published the first fox meiotic linkage map in 200720,29. The initial map had 320 markers and 
an overall length of 1480.2 cM. Using this map, we performed an initial quantitative trait loci 
(QTL) mapping and discovered an initial set of regions that contribute to behavioral differences 
between the tame and aggressive foxes26,30.   
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To undertake QTL mapping, we developed fox experimental pedigrees by cross-breeding of tame 
and aggressive foxes to produce F1 offspring, and subsequently either breeding F1 foxes to tame 
or aggressive strains to produce backcross pedigrees or to each other to produce F2 population. 
The pedigrees were genotyped with microsatellite markers and spaced at approximately 10 cM 
intervals along the genome. In the first study, we analyzed a subset of backcross and F2 pedigrees 
and identified a significant QTL on fox chromosome 1226. In a subsequent study that included 
536 F2 individuals we identified 22 unique significant and suggestive loci30. These QTL mapping 
studies pointed to several regions in the fox genome, but they failed to pinpoint specific genes 
contributing to differences in fox behavior. Because the identified QTL intervals are wide and 
contain many genes, other approaches must be applied to identify positional candidate genes 
within these regions. 
The arsenal of genomic tools that could be applied to understand the genetics of behavioral traits 
in foxes was significantly expanded with the emergence of next generation sequencing 
technologies. In a genotyping by sequencing experiment, 31  we used reduced representation 
genomic libraries of 20 tame and 20 aggressive individuals to identify 48,292 SNPs in the fox. 
Although only 8,437 of these SNPs had high quality data for all individuals, these data allowed us 
to perform basic population genetic analysis of fox populations. The identification of fox-specific 
SNPs was a significant step forward because dog SNPs are largely uninformative in foxes 
(Kukekova et al., unpublished). The population structure analysis of tame and aggressive strains 
using principal component analysis and STRUCTURE 2.3.432-35 clearly differentiated the two 
strains with greater variation in the aggressive line. The length of linkage disequilibrium (LD) 
was calculated in both populations and slightly faster LD decay was observed in the aggressive 
than in the tame population (the average r2≥ 0.2 was observed for SNPs located within 500 kb in 
tame and 100 kb in the aggressive population).  Finally, using fixation index (FST) analysis we 
identified nine genomic regions of increased divergence between the fox populations.  
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A series of RNA-seq experiments have also provided insight into the genetic regulation of 
behavior36,37 (Wang et al., 2017, in review; Hekman et al., 2017, in preparation).  Basal forebrain, 
pre-frontal cortex, pituitary, hypothalamus and adrenal tissues have been investigated. These 
experiments have shown expression differences in genes in expected pathways, such as the 
serotonin and glutamate receptor pathways (HTR3A, HTR7, HTR5A-like, AKTQ, DUSP1, 
GRIN2D, ITPR3, ADCY7) (Wang et al., 2017, in review). Interestingly, the pituitary RNA-seq 
experiment has pointed to a possible mechanism that makes tame foxes to be more stress resistant 
and less anxious in comparison to aggressive foxes. Identified differences in expression of genes 
related to exocytosis, pseudopodia formation, and cell migration in anterior pituitary may lead to 
a reduction of the secretion of adrenocorticotropic hormone (ACTH) and a subsequent reduction 
of cortisol level in tame foxes (Hekman et al., 2017, in preparation). 
Although QTL mapping, genotyping by sequencing, and RNA-seq analysis pinpointed several 
genomic regions and suggested some mechanisms that could contribute to the differences in 
behavior between the strains, these studies had limited ability to identify causative genes and 
sequence variants. A big hindrance was the lack of a fox genome; while the dog genome has been 
very useful to us it has significant limitation as a reference for data analysis of fox sequences, in 
particularly in non-coding regions of the genome. Furthermore, synteny between dog and fox has 
not been established on a high resolution scale, making it difficult to predict gene content in 
identified fox regions. In the current work, the fox genome was sequenced, assembled, and 
annotated by Beijing Genomics Institute (BGI) as part of the Genome 10K project. We then re-
sequenced the genomes of 10 foxes each from the three populations, (tame, aggressive and 
conventional farm-bred) and used this data to search for genomic targets of selection for 




Selection for a specific variant in the genome often leaves a signature behind. When a sequence 
variant increases an individual’s fitness or is a target of artificial selection the frequency of this 
variant in a population may increase. The haplotype surrounding an advantageous variant will 
also increase in frequency, as long as the selection happens faster than genetic recombination can 
separate the variant from its surrounding haplotype. This sweep of selection for the advantageous 
variant and the haplotype which surrounds it may lead to a subsequent loss of heterozygosity in 
the region38. Several methods were established to search for selective sweeps, including screening 
individuals for regions of reduced heterozygosity, looking for extended haplotypes, and finding 
regions of extreme divergence between populations39-41. Initially, extended regions of 
homozygosity are easier to identify than specific sequence variants, in particular if a variant is 
located in non-coding sequence. A follow up analysis of identified selective sweeps in a larger 
number of individuals may allow comparison of haplotype recombination break points and 
identification of a shorter haplotype within a selective sweep carrying a causative variant. 
In this study, we used a pooled heterozygosity (Hp) 42-44 approach to identify selective sweeps in 
tame, aggressive and conventionally farm-bred fox populations. Hp is a measure of 
heterozygosity that can be computed on pooled sequenced samples from an outbred population. It 
was introduced by Rubin et al.44  and has been successfully applied to locate selective sweeps in 
different species, including chickens44,45, dogs42, pigs43, cows46 and goats47.  
Pooled heterozygosity is a measure of the level of heterozygosity in a sliding window moving 
down a chromosome for a group of samples; as such, it is sensitive to the size of the window 
chosen. The choice of window size depends on the length of the LD, as a longer LD will allow 
for a longer window. One also has to consider the amount of data that is available; a minimum 
number of SNPs is required per window for a valid estimate. Small windows will allow for 
increased resolution and possibly a decreased number of genes to analyze, but will also reduce the 
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amount of data used in each window, making the calculation sensitive to extreme variation in a 
few loci, and increase the computational burden. Therefore, the choice of small window size is 
more likely to result in false positives42. On the other hand, the choice of large windows increases 
the risk of missing shorter runs of homozygosity. 
To identify an optimal window size for this study, we took into account the estimated length of 
LD in fox populations31 and also performed preliminary calculations of Hp using several window 
sizes: 40 Kb, 100 Kb, and 500 Kb. We found that smaller windows often had many adjacent 
windows with very low heterozygosity and the data appeared very noisy; many windows differed 
greatly from the surrounding windows, and the data did not seem to follow any expected pattern. 
An increase in window size streamlined the data and decreased the apparent noise. Therefore, a 
larger window, 500 Kb, was chosen; this window size also decreased the computational burden in 
calculating permutations to establish significance level. 
 
Fixation Index (FST) analysis 
Another approach which can be applied for the identification of targets of selection is fixation 
index (FST) analysis. FST is a statistic that measures the differentiation between subpopulations48-
50, while Hp only considers a single population. Moreover, Hp is designed to find regions with a 
large reduction in heterozygosity and can miss regions that have not undergone strong selection 
and have not reached fixation. Notably, in tame and aggressive rat lines selected at the ICG in 
Russia in a similar experiment many of the QTL regions for behavioral traits have not reached 
fixation51. The fox and rat behavioral phenotypes are caused by multiple genes, many with 
limited effect, which makes any individual gene less likely to be subject to strong selection.  
Additionally, the selected foxes have only been under selection for, at most, 50 generations, 
allowing limited time for any gene variant to become fixed.  While Hp can be used to find regions 
that are very strongly selected for, all of these factors limit the usefulness of Hp to find regions in 
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the fox genome where the selection was not strong or nearing completion. FST is less sensitive to 
these issues and is useful in looking for additional regions of selection. Similarly to Hp, it can 
also be calculated for windows. Therefore, we used the same windows to estimate both Hp and 
FST and to use them in conjunction with each other to maximize our chance of finding regions of 
selection.  
In dogs, Axelsson et al.42 used both FST and Hp to investigate the differences between dogs and 
wolves. They found 14 regions of low heterozygosity and 35 regions with elevated FST values. All 
of their regions with elevated FST had lowered heterozygosity in either the dog or the wolf, but 
not all reached significance for Hp. This led to the discovery of some initially unexpected genes, 
those involved in carbohydrate metabolism including AMY2B and SGLT1, which is suggestive of 
differences in the digestion of carbohydrates in dogs as compared to wolves. Lai et al.47 also 
utilized both measures in goats to look at genes that determine litter size, which involves multiple 
genes and is a complex quantitative trait. They found that many of the regions were shared 
between the two measures, but that there were unique regions to both. They found that 
considering the regions that were common between the two measures allowed them to 
successfully locate genes that are involved in reproduction, such as ADCY1 and AMHR.  
Validation of identified loci 
The regions that are found in Hp and FST analysis can be a result of selection, genetic drift, or 
random fixation. As such they are only putative selective sweeps. Optimizing window size and 
setting stringent significance thresholds can minimize the chance that any given region is not a 
result of true selection, but the effect on behavior needs to be validated. Once a region is shown to 
have an effect on behavior, we can search for the variant of interest that causes that effect. 
Behavior is a complex trait, involving many genes and many axes of variation. In order to 
determine the effect that any particular gene has on behavior one needs to be able to accurately 
measure the behavior and to tease apart the different components that are involved. In previous 
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work, we developed a method for measuring fox behavior and showed that “tameness” and 
“aggressiveness” are comprised by combinations of different behavioral elements with a 
relatively independent genetic basis25,26,30.  
Here we performed a proof of principle study where we used well characterized fox F2 pedigrees 
to analyze an effect of the identified genomic region on behavior26,29,30. We identified haplotypes 
in the region of interest and compared behaviors of F2 individuals carrying different haplotypes. 
We found statistical support for a behavioral difference between F2s homozygous for different 
haplotypes, indicating that there is possibly a variant of interest in LD with at least one of the 
haplotypes. This was the first step in our search for specific variants that cause behavioral 
changes. Now we have both identified a region in which we expect to find such a variant and the 
specific haplotype in which we expect to find it. 
The project goals 
In this project we sequenced the genomes of 30 foxes (10 foxes each from the tame, aggressive, 
and conventional farm-bred fox population) and used these data to: 1) discover fox SNPs utilizing 
the newly available fox genome assembly, 2) discover regions of decreased heterozygosity (Hp) 
in the three fox populations, 3) discover regions of extreme divergence (FST) between the 
populations, 4) use 3&4 to identify a list of potential genes that could be involved in fox 
behavior, and 5) test the effect of one such gene on fox behavior using fox F2 pedigrees. 
The broader goals of this work are to understand the genetic regulation of affiliation, aggression, 
and anxiety-like behaviors in foxes to facilitate studies of these behaviors in other species, 
including humans. The results of the fox work can be also used synergistically with studies of 
other species to provide insight into the molecular mechanisms of animal domestication. The fox 
model provides many advantages for studying the genetics of behavior, and its potential can now 
be fully explored using new genomic technologies. 
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Red fox genome assembly identifies genomic regions associated 
with tame and aggressive behaviors  
(This work is under review at Nature Ecology and Evolution1) 
Introduction 
The red fox (Vulpes vulpes) and the domestic dog (Canis familiaris) are closely related species 
that diverged only about 10 million years ago within the family Canidae52. However, these two 
species occupy very different ecological niches. The red fox has a geographic range wider than 
that of any other species in the order Carnivora53 and has even become a common resident of the 
urban and suburban areas of many major cities54-57. The dog, on the other hand, has become 
widespread for a different reason: it was domesticated from the gray wolf at least 15,000 years 
ago58,59 and became “man’s best friend.”  
There is no evidence that the fox was domesticated historically, although a red fox was found co-
buried with humans in a Natufian grave from 14.5–11.6 KYA at a southern Levant site in 
northern Jordan60, the same geographic region where the oldest co-burials of humans and dogs are 
found61. The first strong evidence of fox domestication comes instead from the late 19th century, 
when the farm breeding of red foxes for fur began in Prince Edward Island, Canada62. Though 
many animal species are not well-suited for breeding in captivity63, fox breeding has continued 











farm environment, but their behavior still clearly differentiates them from dogs, as they generally 
exhibit fear or aggression toward humans. 
In 1959, the experimental domestication of farm-bred foxes began at the Institute of Cytology and 
Genetics of the Russian Academy of Sciences17,19,21,22,27,69.  For over 50 generations, foxes were 
selected for positive responses toward humans, leading to the establishment of a tame strain of 
foxes that are eager to interact with humans from a very young age17,70. Beginning in the late 
1960s, a complementary strain of foxes selected for aggressive behavior toward humans was also 
developed and has proceeded for more than 40 generations19,22. A conventional population 
comparable to the farm-bred founder population of both selected strains has also been maintained 
but was not subjected to deliberate selection for behavior. The fox strains have remained outbred 
during the entire course of the breeding program, and the behavioral differences between the tame 
and aggressive strains have been confirmed to have a strong genetic component19,25-27. Unlike 
modern dogs, which have been selected for any number of different traits, including morphology 
and appearance, since domestication began, these fox strains were selected solely for behavior, 
and the shifts in their behavior were recent, monotonic, and well documented.  
Maximizing the scientific value of these experimental fox populations requires the development of 
genomic tools for the fox. In contrast to the dog, whose karyotype consists of 38 pairs of acrocentric 
autosomes in addition to the sex chromosomes, the red fox karyotype comprises 16 pairs of 
metacentric autosomes, the sex chromosomes, and 0-8 supernumerary B chromosomes71,72. The 
differences between the karyotypes of the two species arise from 26 chromosomal fusion events 
and four fission events73. Almost all of the conserved segments that characterize the ancestral 
karyotype of mammals and, in particular, Carnivora, have broken into several pieces in canid 
genomes, making the dog and fox karyotypes among the most rearranged of the mammals73-77. 
Although synteny between the chromosomal segments of the dog and fox species has been 
established, previous studies provided the comparative alignment of the two genomes only at a low 
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resolution29,73,78,79, hindering identification of the regions in the dog genome that correspond to 
genomic regions of interest in the fox.  
Here, we present the sequence assembly of the red fox genome and a population genetic analysis 
of whole re-sequenced genomes of foxes from the tame, aggressive, and conventional farm-bred 
populations. The strong and divergent selective pressures applied during the development of the 
tame and aggressive strains are likely to have influenced diversity and the fixation of variants 
across the genome and provide an unprecedented opportunity to understand the genetic 
underpinnings and evolution of behavioral variation, a long-standing problem in biology. To 
identify targets of selection for behavior in these populations, two classes of partly overlapping 
genomic regions were identified: regions with increased homozygosity within individual fox 
populations (selective sweeps), and regions of extreme divergence among the populations (high 
FST values). Further comparison of the identified regions to the genomic positions of previously 
mapped behavioral quantitative trait loci (QTL)20,26,29,30 highlighted a positional candidate gene 
for tame behavior and provided insight into molecular mechanisms involved in the regulation of 
behavioral differences between the tame and aggressive foxes.  
Results 
The red fox genome assembly and annotation. The genome of a male red fox was sequenced 
to 93.9x coverage on the Illumina HiSeq platform using sequencing libraries with nine different 
insert sizes (Table 2, Appendix A). The fox genome was assembled with SOAPdenovo V2.04.4 
into 676,878 scaffolds with a total length of 2,495,544,672 bp. The contig N50 is 20,012 bp and 
scaffold N50 is 11,799,617 bp. Using homology information based on canine and human 
proteins, transcriptome data, and de novo gene predictions 21,418 fox protein coding genes were 
identified (Table 3, Appendix B). 
 The sequenced fox has a standard karyotype with 16 pairs of autosomes, one pair of XY 
sex chromosomes, and several B chromosomes (Figure 5, Appendix U). Alignment of the largest 
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500 scaffolds against the dog genome (CanFam3.1) and the dog Y-chromosome assembly80 
revealed that 84% of the scaffolds mapped to one dog chromosome, 15% mapped to two or more 
dog chromosomes, and 1% could not be assigned to a position in the dog genome (Table 4, 
Appendix C; Figure 6, Appendix V). Among the scaffolds that mapped to more than one dog 
chromosome, five mapped to two dog chromosomes that are known to be syntenic to a single fox 
chromosome20,29,73,78,79 (Table 4, Appendix C). This information was taken into account in the 
following analyses. 
Genetic structure of fox populations. The genomes of 30 foxes (10 foxes each from the tame, 
aggressive, and conventional farm-bred population) were sequenced using individual sequencing 
libraries. Each individual was sequenced with a coverage of approximately 2.5x, yielding 
approximately 75x total genome coverage across all 30 animals (Table 5, Appendix D). 
Bowtie281,82 aligned 96% of the fox reads to the fox genome scaffolds. Fox SNPs were identified 
using two SNP calling programs, UnifiedGenotyper and ANGSD, and 8,458,133 SNPs identified 
by both programs were retained for subsequent analyses (Table 6, Appendix E). 
 The relatedness of the three fox populations (tame, aggressive, and conventional farm-
bred) was assessed using Principal Component (PC) analysis. The first two PCs assigned all 
sequenced individuals into three groups: PC1 differentiated the tame population from both the 
aggressive and conventional populations, and PC2 separated the tame and aggressive populations 
from the conventional population (Figure 1A). The relationship among individuals from the three 
populations was reconstructed using the neighbor-joining method83.  The tree analysis assigned 
all individuals to the correct populations (Figure 1B), with the shortest branch length associated 
with the conventional population and the longest with the tame population, consistent with the 
earlier isolation of the tame population.  
The genetic structure of the fox populations was further assessed with Bayesian clustering 
analysis using STRUCTURE 2.3.432-35. Values of k (number of clusters) from 1 to 5 were run 
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using the admixture model without prior information about the populations. The value for both 
delta k and the mean of the estimated log probability of the data were highest at k=3 (Table 7, 
Appendix F). At k=2 the tame population separates from the aggressive and conventional 
populations, and at k=3 the three populations separate into three groups with a small amount of 
admixture in some individuals. At k=4 stratification is seen in the conventional strain, and very 
little further stratification is observed in any population at k=5 (Figure 1C). The results of the PC, 
neighbor-joining, and cluster analyses indicate the presence of three populations in the data set 
and less divergence between the conventional and aggressive populations than between the tame 
and either the conventional or aggressive population. 
Genomic regions differentiating fox populations. To identify genomic regions of complete, 
or nearly complete, fixation within each of the three populations, pooled heterozygosity (Hp) was 
estimated using the sliding window approach. Hp was calculated for 9,151 windows of 500 kb 
that were moved along the genome in 250 kb steps. Each window was mapped against the dog 
genome (CanFam3.1) using LASTZ84, and the order of the windows in the fox genome was 
established using the alignment of the fox assembly against the dog genome and known synteny 
between the dog and fox chromosomes20,29,73,78. Because window Hp values were not normally 
distributed (Figure 7, Appendix W), the significance threshold was established for each 
population by 10,000 permutations45. Population-specific cut offs corresponding to p < 0.0001 
identified 96 low-Hp windows in the tame (HpT), 60 windows in the aggressive (HpA) and 14 
windows in the conventional population (HpC) (Figure 2; Table 8, Appendix G; Table 9, 
Appendix H). None of the identified HpT windows overlapped with the HpA and HpC windows, 
but two Hp windows were significant in both the aggressive and conventional populations (Table 
9, Appendix H). Although the conventional population was not deliberately selected for behavior, 
the regions of reduced heterozygosity in this population could be associated with selection for 
stress-resistance and the ability to breed in captivity, characteristics that are also modified in the 
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course of animal domestication. In total, 139 annotated genes were found in HpT windows, 159 
in HpA windows, and 51 in HpC windows (Table 9, Appendix H; Figure 2).  
The fixation index (FST) was calculated for the same 9,151 windows used in the Hp analyses to 
identify regions of extreme differentiation between the fox populations. FST values of 0.45 or 
higher were identified for 305 windows in the analysis of the tame and aggressive populations 
(FSTTA), for 124 windows in the analysis of the tame and conventional populations (FSTTC), and 
for 2 windows in the analysis of the aggressive and conventional populations (FSTAC) (Figure 2; 
Table 9, Appendix H). In total, 734 annotated genes are located in identified FSTTA windows, 287 
in FSTTC windows, and 3 in FSTAC windows (Table 9, Appendix H; Figure 2). Among the 
significant FST windows (FST >0.45), 18% were also significant in the Hp analysis, and 38% of 
significant Hp windows were significant in the FST analysis (Table 9, Appendix H; Table 10, 
Appendix I).  
PANTHER overrepresentation analysis85 identified significant enrichment for the GO terms 
“natural killer cell activation,” “B cell mediated immunity,” and “carbohydrate binding” in the 
HpA, FSTTA, and FSTTC windows (Table 11, Appendix J). The enrichment for these GO terms in 
each of the three analyses was driven largely by the same set of 14 genes located in genomic 
region 46 on fox chromosome 8 (VVU8) (Table 9, Appendix H, Table 11, Appendix J). 
Enrichment for the GO term “interleukin-1 receptor binding” was found in the FSTTA and FSTTC 
windows (Table 11, Appendix J), and in both analyses the enrichment was driven largely by a 
single set of seven genes, also located on VVU8 but in a different region (region 52) (Table 9, 
Appendix H; Table 11, Appendix J). Overrepresentation analysis of the genes in the HpT 
windows identified enrichment for “single guanine insertion binding,” “guanine/thymine mispair 
binding,” “oxidized purine DNA binding,” and “damaged DNA binding” (Table 11, Appendix J). 
Each of these GO terms includes 3 to 6 overlapping genes. Three genes, MSH2, MSH3, and 
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MSH6 are common among these four GO terms and are located in significant HpT windows on 
fox chromosomes 14 and 16 (Table 9, Appendix H).  
To avoid splitting a single sweep across multiple windows, we merged significant Hp windows 
that were identified on the same scaffold and in the same population when the gap between them 
was not larger than 1 Mb. This approach yielded 30, 19, and 11 combined Hp windows in the 
tame, aggressive, and conventional populations, respectively (Figure 3; Table 9, Appendix H; 
Table 12, Appendix K). While 25 of the combined windows identified in the tame population 
were composed of five or fewer windows, VVU14 contains two combined HpT windows of 
approximately 6 Mb each (regions 88 and 92), separated by an interval of approximately 13 Mb 
(Table 9, Appendix H; Figure 8, Appendix X). Similarly, in the aggressive population, 16 of the 
combined windows encompassed five or fewer windows, but a combined window on VVU4 
(region 27) and a combined window on VVU8 (region 46) each span approximately 5 Mb (Table 
9, Appendix H; Figure 8, Appendix X). The four largest combined Hp windows identified in tame 
and aggressive populations were significantly larger than predicted by linkage disequilibrium in 
these populations31 and are located in pericentromeric regions, which show strong recombination 
suppression29. 
Significant FST windows on several scaffolds also formed clusters (Table 9, Appendix H); 
therefore, the same rule was used to merge significant FST windows into combined FST windows. 
This process produced 68 combined FSTTA windows, 48 combined FSTTC windows, and 2 
combined FSTAC windows (Table 9, Appendix H; Table 12, Appendix K; Figure 8, Appendix X). 
Among nine combined FSTTA windows that were 4 Mb or larger, five were located on VVU8, 
two on VVU4, one on VVU12, and one on VVU14 (Table 9, Appendix H). One of these large 
combined FSTTA windows overlaps with the large combined HpT window (VVU14, region 92), 
and two of them separately overlap two large combined HpA windows (VVU4, region 27 and 
VVU8, region 46). Among the others, two were also located in regions of pericentromeric 
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suppression (VVU8, region 50 and VVU12, region 70) (Table 9, Appendix H). Taken together, 
these results indicate that VVU4, VVU8, and VVU14 contain the longest genomic regions that 
differentiate tame and aggressive populations (Figure 2).  
We reviewed the positions of the significant windows that were identified in any of the analyses 
and found a total of 113 regions in the fox genome where a single significant window was 
identified or any combination of classes of significant windows (Hp or FST in any population(s)) 
were located on a single scaffold within 1 Mb of each other. These 113 regions were compared to 
the regions associated with domestication and positive selection in dogs42,86-88 using an alignment 
between the fox and dog genomes (Table 13, Appendix L). Four candidate domestication regions 
(CDR) identified in vonHoldt et al.87, ten CDRs identified in Axelsson et al.42, 20 regions of 
positive selection in dogs identified in Freedman et al.86, and 38 regions identified in Wang et 
al.88 overlap or are located within 2 Mb of the genomic regions identified in foxes (Table 13, 
Appendix L). A slight enrichment of fox regions for CDRs and regions of positive selection in 
dogs was observed (p=0.03), suggesting a potential overlap among the genes involved in the 
domestication of the two species. 
 
Behavior-related genes. Identification of the genes involved in aggression, sociability, and 
anxiety in foxes is of particular interest because these behaviors are hallmarks of several human 
behavioral disorders. Although the analysis of 1,057 annotated genes located in Hp and FST 
significant windows (Table 9, Appendix H) did not identify significant enrichment for genes 
associated with human behavioral disorders, it nonetheless detected 14 genes associated with 
autism spectrum disorder89 (Table 14, Appendix M), 13 genes associated with bipolar disorder90 
(Table 14, Appendix M), and three genes (Table 15, Appendix N) located in the low-copy repeat 
region syntenic to the border of the Williams-Beuren syndrome deletion in humans91.  Several 
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genes identified in the fox regions (e.g. GRIN2B, CACNA1C, and CNTNAP2) are associated with 
many human neurological disorders including autism, attention deficit hyperactivity disorder 
(ADHD), and schizophrenia92-94. Seven genes from the fox regions have been also previously 
associated with aggressive behavior in mouse models95,96 (Table 14, Appendix M). The 
comparative analysis also highlighted fox genes that are not direct orthologs of human genes 
associated with behavioral disorders or mouse genes for aggression but belong to the same gene 
families and may have similar functions. The effect of these genes on social behavior can be 
further investigated in foxes. 
Several behavior-associated genes (Table 16, Appendix O), including two autism-associated 
genes (CACNA1C and CNTNAP2), contained missense mutations with allele frequency 
differences among fox populations (Figure 9, Appendix Y; Table 17, Appendix P). Two missense 
mutations in CACNA1C gene, CACNA1C-SNP1 (Ile937Thr) and CACNA1C-SNP2 
(Thr1875Ile), are located at evolutionarily conserved sites that are identical in mammals and 
chicken (Figure 9, Appendix Y; Table 16, Appendix O). The CACNA1C-SNP1 is located in a 
transmembrane domain and causes a transition from a hydrophobic amino acid (Ile), which is 
essential for transmembrane domain formation, to a polar amino acid (Thr). This mutation was 
predicted by PolyPhen-2 v2.2.2r39897 to be “possibly damaging” (score: 0.614; sensitivity: 0.87; 
specificity: 0.91). The derived fox-specific allele for CACNA1C-SNP1 was observed only in the 
tame population (frequency = 0.39). In contrast, for CACNA1C-SNP2, the derived fox-specific 
allele was observed in both the aggressive (frequency = 0.72) and conventional (frequency = 
0.50) populations but not in the tame population (Figure 9, Appendix Y). Similarly, the derived 
fox-specific allele for the SNP in the CNTNAP2 gene, which leads to a Glu552Asp transition in 
the EGF-like 1 domain, was present in both the aggressive and conventional populations 
(frequency = 0.49 and 0.48, respectively), but the tame population is fixed for the allele that is 




SorCS1 gene is a positional candidate for the QTL on fox chromosome 15. From the 113 
regions of interest identified in the fox genome, the 29 regions that overlap with behavioral QTL 
mapped in fox pedigrees26,30 should represent the most likely targets of selection for behavior in 
the tame and aggressive populations (Table 18, Appendix Q). To test this assumption, we 
analyzed one identified genomic region (region 101) that is located within the fox behavioral 
QTL for trait D.PC1 on fox chromosome 1530 (Table 1; Figure 3). D.PC1 is a behavioral trait 
defined by principal component (PC) analysis that differentiates foxes that continue to solicit an 
observer’s attention after interaction versus foxes that avoid an observer in the same context30. 
The QTL on VVU15 explains 2.85% of D.PC1 variance in the F2 population and accounts for 
16.13 % of the difference in D.PC1 values between tame and aggressive populations30.  
Fox chromosome 15 contains a single FSTTA window with FST >0.45 on fox scaffold 1 in a region 
syntenic to dog chromosome 28 (CFA28: 18,489,981- 18,993,866 bp). This window corresponds 
to part of the SorCS1 gene and has low Hp values in both tame (0.20) and aggressive (0.23) 
populations, though it did not reach significance thresholds for Hp in either population. To test 
whether SorCS1 has an effect on D.PC1, we developed 25 short insertion/deletion markers 
distributed relatively equally across a 5 Mb interval that includes the significant FSTTA window. 
The markers were genotyped in the F2 pedigrees, whose offspring demonstrate a wide variation 
in behavior, and in additional samples from tame (n=64) and aggressive (n=70) foxes (Table 19, 
Appendix R). We analyzed the genotypes of the tame and aggressive foxes to identify the most 
common haplotypes in the two populations and then tested the effect of the identified haplotypes 
on behavior in the F2 population. 
Haplotype analysis of the tame population identified eight markers located within and in close 
proximity to the SorCS1 gene (scaffold1: 41,647,754-42,312,608 bp, CFA28:18,389,720-
19,052,218 bp) as a single linkage disequilibrium (LD) block located in the middle of the 
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genotyped 5 Mb interval (Figure 10, Appendix Z). Within this LD block, Haploview98 identified 
one haplotype (olv) with a frequency of 60.6% in the tame population that was not observed in 
the aggressive population, two haplotypes (trq and lav) that were rare in tame but often observed 
in the aggressive population, and a fourth haplotype (pch) that was found in both populations 
(Table 1; Figure 4; Table 20, Appendix S).There were four additional uncommon haplotypes that 
did not reach 10% frequency in either population. The differences in behavior of F2 individuals 
homozygous for any of the three main haplotypes (olv, trq, and lav) were statistically significant 
(Kruskal-Wallis, p=0.03). F2 individuals that inherited two copies of the tame haplotype (olv) had 
the highest values for D.PC1 (mean: 0.068), while individuals that inherited two copies of one of 
the common aggressive haplotypes (lav) had the lowest values (mean: -0.546) (Table 1; Figure 4; 
Figure 11, Appendix AA). A post-hoc Dunn’s test with Benjamini-Hochberg99 correction 
achieved a p=0.0142 for the comparison of the lav and olv homozygotes (Figure 4), while other 
pair-wise comparisons of homozygotes for the main haplotypes were not significant (p>0.2).  
The haplotypes for markers located on the left (5’) and right (3’) ends of the genotyped 5 Mb 
interval were also analyzed. Haplotype analysis of five markers located on the left end of the 
interval (scaffold1:40,049,127-40,603,587 bp, CFA28:16,797,450-17,348,410 bp) and containing 
the SorCS3 gene identified 13 haplotypes in the tame and aggressive populations. Haplotype 
analysis of six markers located on the right side of the interval (scaffold1:44,453,503-45,131,383 
bp, CFA28:21,165,254-21,839,153 bp) and overlapping with five genes (XPNPEP1, ADD3, 
MXI1, SMNDC1 and DUSP5) identified 10 haplotypes in tame and aggressive populations. None 
of the identified haplotypes had a significant effect on D.PC1 values in the F2 population 
(Appendix AB).  
In the dog genome, SorCS1 is expressed from the opposite strand, and the assembly in 
CanFam3.1 has a gap, resulting in no data for the first exon of the gene. Using the annotated fox 
genome and fox RNA-seq reads, we confirmed that exon 1 is present in the fox ortholog of 
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SorCS1 and that the gene contains 26 exons, the same number as in the human and mouse 
orthologs100. Fisher exact tests of individual SorCS1 SNPs in the tame and aggressive populations 
identified the most significant SNP within intron nine, 2,466 bp upstream of exon ten 
(CFA28:18,723,625 bp in CanFam3.1; Figure 3). Significant allele frequency differences for 
SorCS1 SNPs were also identified in the genotyping-by-sequencing experiment31 that used 20 
individuals from each the tame and aggressive populations, and these individuals were not 
represented among the foxes whose genomes were re-sequenced in the current study. Taken 
together, these data strongly suggest that SorCS1 is a positional candidate for the behavioral QTL 
on VVU15. 
Discussion 
The sequencing and assembly of the red fox genome facilitated the analysis of tame and 
aggressive populations developed through five decades of selection for behavior. The population 
structure analysis clearly differentiated three populations (tame, aggressive, and conventional 
farm-bred) and showed more divergence between the tame and conventional than between the 
aggressive and conventional populations (Figure 1). These findings are consistent with the fact 
that foxes from the conventional farm-bred population were ancestors to both tame and 
aggressive strains, but the tame population has been under selection for a decade longer. 
Secondary introduction of conventional foxes into the aggressive population in the 1990s also led 
to the reduced divergence observed between these two populations. 
Because the tame and aggressive populations were selected solely for specific behavioral 
phenotypes and efforts were made to minimize inbreeding, these populations are well suited to 
the identification of the genomic targets of selection for behavior19,22. We identified 113 genomic 
regions with differences in allele frequencies among the tame, aggressive, and conventional 
populations (Table 9, Appendix H). These regions include 30 intervals (combined windows) 
identified in the tame population and 19 intervals identified in the aggressive population that 
show nearly complete fixation. The longest regions differentiating tame and aggressive 
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populations were found on fox chromosomes 4, 8, and 14. Region 27 on VVU4 and region 46 on 
VVU8 were under strong selection in the aggressive population, while regions 83-93 on VVU14 
were under strong selection in the tame population. The extended length of these selective signals 
is most likely associated with their locations in pericentromeric regions of fox chromosomes 
where the recombination rate is dramatically reduced29, but it is also possible that each of these 
regions harbor several genetic variants associated with selection for behavior. 
Among the 67 regions that contain FSTTA windows, only 22 regions include windows identified 
in the HpT or HpA analyses (Table 9, Appendix H). The remaining FSTTA windows are located 
in regions that did not reach fixation in either of the two populations, e.g. region 101 on VVU15 
containing the SorCS1 gene. Similarly, the analysis of allele frequencies in lines of Virginia 
chicken selected for low and high body weight for over 50 generations found that most loci 
differentiating the two lines did not reach fixation in either population101. The genetic analysis of 
tame and aggressive rat strains selected for behavior for over 60 generations also showed that the 
majority of loci influencing behavioral differences between the two strains still segregated in 
these populations51. These observations suggest that even after 50 generations of selective 
breeding for complex phenotypes, many loci targeted by selection are retained in the 
heterozygous state. It is also possible that epistatic interactions involved in the control of 
behavioral differences between tame and aggressive foxes30 may favor specific combinations of 
alleles at different loci. 
Changes in physiology, morphology, and reproduction have been also observed in the course of 
fox domestication19,22,102-104. These by-products of selection for behavior in mammals may be 
caused by different mechanisms105,106 including pleiotropy, hitchhiking, random fixation, trade-
offs between different biological systems, and targeting genes that have a broad effect on the 
genome, e.g. DNA methylation. The GO terms overrepresented in HpT windows are associated 
with such processes as “guanine/thymine mispair binding”, “oxidized purine DNA binding” and 
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“damaged DNA binding” (Table 11, Appendix J). Guanine is the most common base that 
undergoes oxidation and guanine-thymine mispairs can result from demethylation and other 
processes. Further investigation is required into whether selection for tame behavior has affected 
DNA stability, but it was discussed early on as one of the potential mechanisms responsible for 
increased variation in tame foxes21.  
The regions under selection in the aggressive population showed strong enrichment for genes 
associated with immune response (GO terms “natural killer cell activation” and “B cell mediated 
immunity”) (Table 11, Appendix J). These terms are also enriched in the FSTTA and FSTTC 
windows. The genes that drive enrichment of these terms are located in region 46 on VVU8, in 
the longest region that differentiates tame and aggressive populations. Another immune system-
related GO term “interleukin-1 receptor binding“ was identified in the analysis of FSTTA and 
FSTTC windows, and the genes for this term are located in another long region on VVU8 (region 
52) that differentiates the tame and aggressive strains. These findings may indicate that immune 
genes play an important role in the farm breeding of aggressive and conventional foxes but not in 
the breeding of tame foxes. Previously, it was demonstrated that rats from a strain selected for 
aggressive behavior showed a higher immune response than rats selected for tameness107-109. A 
growing number of studies indicate a link between aggressive behavior and immunological 
responsiveness, suggesting a trade-off between these two systems110-114. Interestingly, the same 
set of interleukin genes and interleukin receptors that was identified in fox region 52 on VVU8 
was also identified on dog chromosome 17 in the region that differentiates dogs from wolves87 
(Table 13, Appendix L), suggesting a role of immune genes in both dog and fox domestication. 
To distinguish regions implicated in behavior from regions that are by-products of selection, we 
compared the genomic positions of the identified regions to the genomic intervals of the 
behavioral QTL26,30. We identified 29 regions that overlap with behavioral loci (Table 18, 
Appendix Q) and could potentially harbor genetic variants that have an effect on behavior. We 
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focused on region 101 and identified SorCS1 as a strong candidate for a behavioral QTL on 
VVU1530 (Table 17, Appendix P). SorCS1 is a member of the Vps10p-domain receptor family, 
which mediates intracellular protein trafficking and sorting115. The major proteins sorted by 
SorCS1 are neurexin and AMPA glutamate receptors (AMPARs)116. Neurexins are presynaptic 
adhesion proteins that play a key role in the formation, maturation, and maintenance of 
synapses117. AMPARs are ionotropic glutamate receptors that mediate the majority of excitatory 
synaptic transmission. Alteration of the number of AMPA receptors in postsynaptic cells affects 
synaptic efficacy and long-term potentiation. In SorCS1 deficient synapses, glutamatergic 
transmission is reduced due to impaired AMPA surface receptor expression116. Mutations in 
SorCS1, neurexins, and genes coding AMPAR subunits were found to be associated with several 
human behavioral disorders118-126.  
The analysis of the SorCS1 gene found significant differences in SorCS1 haplotype frequencies 
between the tame and aggressive populations and an effect of SorCS1 haplotypes on behavior in 
the F2 population (Table 1; Figures 3, 4). F2 individuals that inherited two copies of the tame 
haplotype (olv) demonstrated tamer behavior (higher D.PC1 values) than foxes inheriting other 
combinations of SorCS1 haplotypes. The analysis of SorCS1 as a candidate gene for a QTL on 
VVU15 was facilitated by its genomic position. SorCS1 is located close to the telomeric region of 
VVU15, which is characterized by a higher-than-average recombination in foxes20,29,30. Targets of 
selection are thus expected to have a shorter LD in such regions. Furthermore, SorCS1 alone was 
found in the only significant FSTTA window on VVU15. The results of the genetic and genomic 
analyses and the function of SorCS1 as a global regulator of synaptic receptor trafficking strongly 
support the role of SorCS1 in the regulation of behavioral differences between tame and 
aggressive foxes. These results also demonstrate the advantage of applying a combination of 
approaches, namely genomic analysis in fox populations and QTL mapping of fox cross-bred 
pedigrees, to the identification of positional candidate genes for behavior. 
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The analysis of significant windows also identified genes coding ionotropic and metabotropic 
glutamate receptors. The GRIN2B gene, which codes for one of the subunits of an ionotropic 
glutamate receptor N-methyl-D-aspartate (NMDA), contributes to different forms of synaptic 
plasticity. The GRIN2B is located in the same region (region 46) as the 14 genes associated with 
the GO terms “natural killer cell activation” and “B cell mediated immunity.” The GRM6 gene, 
which encodes metabotropic glutamate receptor, is located in a region that differentiates the tame 
and aggressive populations (region 70). Identification of genes involved in glutamatergic 
signaling in the fox suggests that this system may be involved in the behavioral differences 
between the tame and aggressive strains, further supporting previous reports that found genes 
coding for different types of glutamate receptors to be associated with domestication in dogs, 
cats, and rabbits127-129. 
We also observed an overlap between genes located in significant regions in the fox and genes 
implicated in human behavioral disorders. Comparing genes from the fox genomic regions with 
genes from four SFARI (Simons Foundation Autism Research Initiative) categories (high 
confidence, strong candidate, suggestive evidence, and syndromic) identified 14 shared genes 
(Table 14, Appendix M) including CACNA1C and CNTNAP2, in which we identified non-
synonymous mutations at evolutionarily conserved sites (Figure 9, Appendix Y). CACNA1C 
encodes the subunit alpha 1C of the voltage-dependent L-type calcium channel that plays an 
important role in dendritic development, neuronal survival, synaptic plasticity, memory, and 
learning92. CNTNAP2 encodes a single-pass transmembrane protein CASPR2, a member of the 
neurexin family that mediates interactions between neurons and glia during nervous system 
development and plays a critical role in stabilization of dendritic spines for new synapses93,130. 
The identification of several genes involved in synapse formation and functioning in the fox 
genomic regions further supports an important role for synaptic plasticity in fox domestication.  
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There is significant similarity in the behavior of tame foxes and domestic dogs. Much like many 
dogs, tame foxes are eager to greet unfamiliar people and solicit human attention. We found that 
28% of the canid domestication regions (CDRs) identified in vonHoldt et al.87 are located within 
0.5 Mb of four of the significant regions identified here in foxes (Table 13, Appendix L). In 
addition to CDRs, vonHoldt et al.87 reported a SNP located in the region syntenic to the Williams-
Beuren syndrome deletion in humans that differentiates dogs from wolves. A region of reduced 
heterozygosity in the aggressive fox population includes three genes (FKBP6, POM121, and 
TRIM50) located on the border of the Williams-Beuren syndrome region (Table 15, Appendix N). 
Differently sized deletions and inversions in the Williams-Beuren syndrome region can lead to 
different behavioral phenotypes in humans131. Identification of signatures of selection in this 
region in both dogs and foxes underscores the importance of this region for behavior in a variety 
of mammalian species. The fact that synergistic analysis of dogs and foxes here implicated some 
shared loci highlights the opportunity presented by these species to investigate whether similar 
behaviors in closely related species are regulated by similar genes and gene networks or instead 
evolve through different molecular mechanisms. 
The sequencing and assembly of the fox genome has revealed that a combination of genetic 
mapping and genome re-sequencing can be used to identify targets of selection for behavior in 
fox strains. The decades of documented behavioral selection resulted in dramatic differences in 
behavior of tame and aggressive foxes render these populations a valuable tool for genomic 
studies of behavior. The fox model expands the spectrum of social behaviors that can be studied 





I. Fox samples and history of the fox experimental populations 
Samples were collected from adult foxes maintained at the experimental farm of the Institute of 
Cytology and Genetics (ICG) (Novosibirsk, Russia). All animal procedures complied with 
standards for humane care and use of laboratory animals by foreign institutions.  
The samples from three populations maintained at the ICG farm were used in this study. i) The 
conventional farm-bred population is a standard farm bred population which is outbred and has 
not been deliberately selected for behavior. The conventional farm-bred population originated 
from foxes from Eastern Canada67 where fox farm breeding began in the second part of the 
nineteenth century. 
ii) The tame population was developed through selection of conventional farm-bred foxes for a 
tame response to humans beginning in 1959 at the ICG. The population began with 
approximately 200 individuals that were selected from several fox farms across the former Soviet 
Union due to their less aggressive and fearful behavior towards humans. A description of the 
selective breeding program was published previously19,22,27,132. Pedigree records were carefully 
maintained and a significant effort was made to avoid inbreeding throughout the breeding 
program. The current population of tame foxes includes approximately 500 breeding animals. A 
representative video of behavior of tame foxes: 
https://www.youtube.com/watch?v=vrqOSgEh0fQ 
iii) The aggressive population was developed by selecting conventional farm-bred foxes for an 
aggressive response towards humans, beginning in late 1960s at the ICG. The population started 
with approximately 150 initial founders but an additional 70 conventional farm-bred foxes were 
introduced into the aggressive population in 1990s. This introduction aimed to increase the 
population size, which had been reduced shortly after the dissolution of the Soviet Union (1993). 
A description of the selective breeding program was published previously19,22,27,132. Pedigree 
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records were carefully maintained and a strong effort was made to avoid inbreeding during the 
entire breeding program. The current population of aggressive foxes includes approximately 200 
breeding animals. A representative video of behavior of aggressive foxes: 
https://www.youtube.com/watch?v=GeAWbLLNesY 
I.1. Sample used for whole genome sequencing. A blood sample from an F1 male produced by 
cross-breeding a female from the aggressive strain and a male from the tame strain was used for 
whole genome sequencing. DNA from blood was extracted using the phenol-chloroform 
method133. 
I.2. Samples used for re-sequencing. Blood samples from 30 individuals, corresponding to 10 
from each of the tame, aggressive, and conventional farm-bred populations, were collected for re-
sequencing. Samples were chosen so as not to share any parents or grandparents, and each 
population sample included an equal number of males and females (Table 5, Appendix D). DNA 
was extracted using Qiagen Maxi Blood kits, as per the manufacturer’s instructions (Qiagen, 
Valencia, CA). 
I.3. Samples used for RNA-seq. Brain samples were collected from 24 male foxes (12 from the 
tame and 12 from the aggressive populations) into RNAlater and then stored at -80 ˚C. RNA was 
extracted from three brain regions: the right basal forebrain, the right prefrontal cortex, and the 
right part of the hypothalamus. Sequencing was performed on an Illumina HiSeq2000 (Illumina, 
San Diego, CA). The basal forebrain and prefrontal cortex samples were sequenced using single-
end 50-bp reads, and the hypothalamus samples were sequenced using single-end 100-bp reads. 
In total, 37.2, 41.3, and 72.6 Gb of data were produced for samples from the basal forebrain, right 
prefrontal cortex, and hypothalamus, respectively. The RNA-seq reads were quality filtered and 
used for annotation of the fox assembly.  
RNA-seq quality filtering included several steps: i) data quality, GC content, and distribution of 
sequence length were initially assessed with FastQC ( 
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http://www.bioinformatics.babraham.ac.uk/projects/fastqc/); ii) reads were processed with 
flexbar134 in two passes: the first to trim adapters, remove low quality reads, and remove reads 
less than 35 bp in length, and the second to remove polyA tails, iii) reads that mapped to fox 
mitochondrial DNA sequences from NCBI (accession numbers JN711443.1, GQ374180.1, 
NC_008434.1, and AM181037.1) using Bowtie281,82 were discarded; iv) any remaining reads that 
mapped to ribosomal DNA sequences were discarded. 
I.4. Samples used for genotyping. Samples from 64 tame, 70 aggressive, 109 F1 and 537 F2 foxes 
were used for genotyping. Fox F2 pedigrees were produced by cross-breeding tame and 
aggressive foxes to produce F1 and then breeding F1 foxes to each other to produce F2 pedigrees. 
The same set of F2 pedigrees was used for QTL mapping in Nelson et al.30.  
 
II. Sequencing and assembly of the fox genome.  
Fox paired-end and mate-pair DNA libraries with nine different insert size lengths (from 170 bp 
to 20 kb) were constructed (Table 2, Appendix A). The libraries were sequenced on an Illumina 
HiSeq2000, with the short insert size libraries yielding read-lengths of 100 and 150 bp and the 
long insert size, mate-pair libraries yielding 49 bp ends (Table 2, Appendix A). In total, 366 Gb 
of raw reads were produced. A series of strict filtering steps was performed to remove artificial 
duplications, adapter contamination, and low-quality reads135. The program SOAPdenovo 
V2.04.4136 was used for de novo assembly (Table 2, Appendix A). Briefly, reads from the short-
insert libraries (<2,000 bp) were first assembled into contigs on the basis of k-mer overlap 
information. Then, reads from the long-insert libraries (≥2,000 bp) were aligned onto the contigs 
to construct scaffolds. Finally, we used the paired-end information to retrieve read-pairs and then 
performed a local assembly of the collected reads to fill gaps between the scaffolds. The program 
SSPACE.v2.0137 was used to extend the pre-assembled scaffolds with reads from all long-insert 
(2-20 Kb) libraries (9 libraries, in total). SSPACE.v2.0 was run with the following parameters: -x 
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0 -k 5 -n 20. Genome assembly quality was evaluated using GC content and the sequencing depth 
distribution by mapping all the reads back to reference genome using SOAP2138. 
 The fox genome was assembled into 676,878 scaffolds (Table 2, Appendix A). The raw 
reads and the longest 82,429 scaffolds, which are all scaffolds at least 200 bp in size, were 
deposited to NCBI (BioProject PRJNA37856). 
 
III. Annotation of the fox genome. Homology information based on canine and human 
proteins, RNA-seq data, and de novo gene predictions was used to annotate the protein coding 
genes in the fox assembly (Table 3, Appendix B).  
Homolog-based prediction: Protein sequences available for the dog and human from Ensembl 
release-70 were mapped to the fox genome assembly using TBLASTN (BLASTall 2.2.23) with 
an e-value cutoff 1e-5. The aligned sequences were then analyzed with GeneWise (version 
2.2.0)139 to search for accurate spliced alignments. 
De novo prediction: Repetitive sequences were masked in the fox genome assembly using 
RepeatMasker (version 3.3.0) (http://www.repeatmasker.org/). De novo gene prediction was then 
performed with AUGUSTUS (version 2.5.5)140. The parameters were optimized using the gene 
models with high GeneWise scores from the homolog-based prediction. 
RNA-Seq prediction: Filtered RNA-seq reads from three tissues were aligned against the fox 
genome assembly using TopHat141. The candidate exon regions identified by TopHat were then 
used by Cufflinks142 to construct transcripts. Finally, the Cufflinks assemblies for the three tissues 
were merged using the Cuffmerge option in Cufflinks.  
The three gene sets obtained by each of the three approaces (homolog-based prediction, de novo 
prediction, and RNA-Seq prediction) were integrated based on gene structures. Finally, all gene 
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evidence was merged to form a comprehensive and non-redundant gene set. In total, 21,418 
protein-coding genes were identified in the fox genome. 
Gene annotation: In order to assign gene symbols to the fox genes with high confidence, a 
reciprocal blast method was applied. Fox protein sequences and dog protein sequences that are on 
dog chromosomes, not chromosome fragments (downloaded from Ensembl release-73), were 
analysed with BLASTP in both directions. The BLASTP-aligned results were filtered using an e-
value cutoff 1e-5, and Reciprocal Best Hit (RBH) pairs were determined using the following 
condition: for two genes (e.g. A and B) from the fox gene set and the dog gene set, respectively, 
they would be accepted as an RBH pair if and only if they were reciprocally each other’s top-
BLASTP-score hits, meaning there was no gene in the fox gene set with a higher score than A to 
B, and there was no gene in the dog gene set with a higher score than B to A. This analysis of the 
fox predicted genes against the dog Ensembl database identified 16,620 dog Ensembl IDs, 14,419 
with gene symbols available. Fox protein sequences and human protein sequences on human 
chromosomes, not chromosome fragments (downloaded from Ensembl release-73), were 
analysed with BLASTP using the same protocol. This analysis idendified 15,826 human Ensembl 
ID’s, all having an associated gene symbol. These 15,826 high confidence gene symbols were 
assigned to the associated fox genes and were used in downstream analysis. 
The 21,418 predicted protein coding genes were compared against several databases to produce a 
preliminary annotation. Genes were aligned using BLASTP to the SwissProt and TrEMBL 
databases143, and assgined to the best match of their alignments. Motifs and domains of genes 
were determined by InterProScan144 against protein databases including ProDom, PRINTS, Pfam, 
SMART, PANTHER and PROSITE. Furthermore, all genes were aligned against the KEGG145 
proteins, and the pathway in which the gene might be involved was derived from the matched 




IV. Alignment of the fox scaffolds against the dog genome. 
The largest 500 scaffolds (size range: 47,686 bp to 55,683,013 bp), which contain 94% of the fox 
genome by length, were aligned against the CanFam3.1 assembly and the dog Y-chromosome 
assembly80 using LAST146. Because each scaffold mapped to multiple locations in the dog 
genome, we sought to identify the dog chromosome(s) to which it was most likely syntenic. For 
each scaffold, the maximum LAST score corresponding to each dog chromosome was identified. 
These scores were Z-transformed using the formula  (𝑥# − 𝑥)/σ, and the dog chromosome(s) 
with Z-scores significant at p<0.05 to a particular scaffold were considered syntenic to that 
scaffold (Table 4, Appendix C).  
To confirm the assignment of the fox scaffolds to syntenic fragments in the dog, the LAST 
mapping results were then scanned with a Python script to determine the best hit at each 
nucleotide along each scaffold. The LAST mapping data was imported into a MySQL database to 
identify which dog chromosome corresponded to the highest-scoring mapped segment 
overlapping each nucleotide along the fox scaffold. Regions mapping to an individual 
chromosome were plotted as lines using MatPlotLib, with the position on the scaffold as the x-
axis and the position on the dog chromosome as the y-axis.  Dog chromosomes to which the 
scaffold mapped robustly are identified in the legend on the plot. Robust mapping was defined as 
cases where the best mapping score for the scaffold against that chromosome was at least one 
standard deviation above the average highest score across all chromosomes. This strategy allowed 
for visualization of the relationship between each scaffold and the dog genome based on this high 
score alone, and the fact that it showed an overwhelming consensus with the z-score data 





V. Re-sequencing of fox samples from three populations. 
DNA samples from 30 foxes (10 foxes from tame, 10 foxes from aggressive, and 10 foxes from 
conventional farm-bred population) were sequenced using individual libraries. The libraries were 
constructed using the Nextera® DNA Sample Preparation kit V2 (Illumina®, San Diego, CA) and 
included individual barcodes. The libraries were quantified by qPCR and pooled by combining 
five individuals from a single population (6 pools in total). Each pool was sequenced on one lane 
of Illumina HiSeq2000 using a TruSeq SBS sequencing kit version 3 (Illumina®, San Diego, CA) 
for 100 cycles from each end of the fragments. Reads were analyzed with Casava1.8.2 (Illumina®, 
San Diego, CA). The genome of each individual was sequenced at approximately 2.5x. Nine 
samples, four from the tame and five from the conventional populations, that received lower 
sequence coverage were re-sequenced on a part of a lane to balance the total amount of 
sequencing data obtained for all individuals. In total, 75.9 Gb, 81.8 Gb, and 67.5 Gb of 
sequencing was obtained for the tame, aggressive, and conventional samples, respectively (Table 
5, Appendix D). The sequencing data was deposited to NCBI (BioProject PRJNA376561). 
 
VI. Read alignment and SNP calling. 
The reads obtained for each sample were mapped, for each individual, with Bowtie281,82 to the 
676,878 scaffolds of the fox assembly. Reads that mapped to more than one location or that 
mapped with a quality lower than Phred score 20 were removed using SAMtools147. The 
MarkDuplicates tool of Picard (http://picard.sourceforge.net) was utilized to remove duplicated 
reads. The ten samples from each population were then combined into population pools, and 
GATK148-150 was used to re-align indels. Fox SNPs were identified using two SNP-calling 
programs, UnifiedGenotyper and ANGSD (Table 6, Appendix E). 
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1. SNPs were called by GATK UnifiedGenotyper using the three population pools (three pools of 
10 individuals each) as samples. The SNPs with more than 2 alleles and with extremely high or 
low read coverage (more than 3x the average depth across all samples, or less than 1/3 the 
average depth across all samples) were removed using vcftools (--min-alleles 2 --max-alleles 2 --
min-meanDP 8.60543 --max-meanDP 77.44887). 
2. SNPs were also called using ANGSD151 for individual samples from each of the three 
populations (30 individual samples). SNPs were called using the parameters: -doMajorMinor 1 -
GL 2 -doMaf 2 -doGeno 7 -realSFS 1 -doSNP 1 -doPost 1 -doCounts 1 -dumpCounts 4 -doHWE 
1 and then filtered with parameter --lrt 50. 
SNPs called by both programs were identified using scaffold locations, and a total of 8,458,133 
SNPs identified by both programs were retained for further analysis (Table 6, Appendix E).  
 
VII. Principal component (PC) analysis. PC analysis was performed using the genotypes of all 
individuals across the 8,458,133-SNP set without providing any information about the 
populations of origin of the re-sequenced samples (tame, aggressive or conventional). A 
covariance matrix for the SNP data was calculated using the EIGENSOFT software152. The 
eigenvectors from the covariance matrix were generated with the R function ‘eigen,’ and 
significance was determined with a Tracy-Widom test to evaluate the statistical significance of 
each principal component (p < 0.01 for both the first and the second principal components). The 
results of PC analysis were visualized using R. 
 
VIII. Construction of the individual tree. A tree of relationships among the sequenced 
individuals from the tame, aggressive, and conventional farm-bred populations was constructed 
35 
 
using the neighbor-joining method83. Individual genotypes for the 8,458,133 SNPs were used. 





Where M is the number of segregating sites in i and j; L is the length of regions and 𝑑#) is the 
distance between individuals i and j at site m. We set 𝑑#) equal to 0 when individuals i and j were 
both homozygous for the same allele (AA/AA); 0.5, when at least one of the genotypes of an 
individual i or j was heterozygous (Aa/AA, AA/Aa or Aa/Aa); and 1, when individuals i and j 
were both homozygous but for different alleles (AA/aa or aa/AA). We used the distance matrix of 
𝐷#) to construct a phylogenetic tree using the neighbour-joining method and the program 
fneighbor153.  
 
IX. STRUCTURE analysis. Clustering analysis was performed using the Bayesian inference 
program STRUCTURE 2.3.432-35. Individual genotypes for 680,000 SNPs randomly chosen from 
the 8,458,133-SNP set were used. Four independent runs were performed at each level of k from 
1 to 5 with a burn-in of 100,000 and 100,000 MCMC replicates using the admixture model 
without prior information about populations. The values for estimated log probability of data, 
L(K), were used to calculate delta k for the levels of k from 2 to 4 in order to find the optimal 
number of subpopulations following Evanno et al., 2005154 (Table 7, Appendix F). 
 
X. Analysis of allele frequency differences.  
X.1. Pooled Heterozygosity. Pooled Heterozygosity (Hp) is a measure of heterozygosity in a set 
of samples across a region containing multiple SNPs44. Re-sequenced samples from each 
population (10 samples per population) were combined, and Hp was estimated for each of the 
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three populations separately. The depth of individual alleles was counted using the SNP data from 
the GATK/UnifiedGenotyper run and used for determining major and minor alleles for each SNP 
in each population. 
Hp was calculated using a sliding window approach. The window size was selected based on the 
estimated linkage disequilibrium length in tame and aggressive populations31. The 500-kb 
windows were moved along the fox scaffolds in 250-kb steps. Only scaffolds with a length of 
500,000 bases and longer were included in this analysis, corresponding to the largest 309 
scaffolds. Only windows with 20 or more SNPs were considered. The average number of SNPs 
per window was 1,784 (median: 1,739; standard deviation: 1,084; max: 6,730). In total there were 
9,151 windows in the analysis. The average read depth per window is presented in Table 9, 
Appendix H. Hp was calculated separately for each population using the formula: Hp = 
2ΣnMAJΣnMIN/(ΣnMAJ + ΣnMIN)2, with nMAJ and nMIN being the number of  reads for major and 
minor alleles for each SNP, respectively, ΣnMAJ being the sum of the reads of the major alleles for 
all SNPs in that window, and ΣnMIN being the same for the minor alleles44. Calculations were 
performed using in-house scripts written in R. Because the window Hp values were not normally 
distributed (Figure 7, Appendix W), the significance threshold was established in each population 
by 10,000 permutations following Qanbari et al. (2012)45. The allele depth data were permutated 
using the complete set of 8,458,133 SNPs. SNP positions were held constant, and Hp was 
calculated for all windows with over 20 SNPs in every permutation run. 10,000 permutations 
were conducted in R, and the minimum Hp value was recorded from each permutation. For a p-
value threshold of 0.0001, the 0.0001 percentile of the minimum values from the 10,000 
permutations was calculated in R for each population. All windows in a population with Hp 
values at that calculated value or lower were considered to be significant at p < 0.0001 (Table 8, 
Appendix g).  
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The p-value threshold of 0.0001 (1/10,000) was chosen because there were 9,151 (just under 
10,000) windows analyzed. This criterion represents a stringent threshold with an expected false 
positive rate under one window for each population. 
 
X.2. Fixation index (FST). The Fixation index (FST) was calculated in R using the estimator 
formula provided in Karlsson155, following Weir and Hill, 200248, which allows for the use of 
pooled data in windows. The FST was calculated for the same 9,151 windows that were used in 




















Where k = the individual SNP; a1 = the number of reads for allele 1 in population 1; n1= the depth 
of reads for that SNP; a2= the number of reads for allele 1 in population 2; n2= the depth of reads 
for that SNP. 
 









XI. Mapping the fox windows against the dog genome 
The 9,151 windows used in the Hp and FST analyses were mapped against the dog genome 
(CanFam3.1) using LASTZ (version 1.03.66)84 to identify the window order on the fox 
chromosomes. The “multiple” option of LASTZ was used to map to the entire dog genome in one 
run, and the alignments were then chained using the “--chain” option of LASTZ. All other 
parameters were set at default. LASTZ computed alignments separately for the forward and 
reverse sequence of each window and produced a separate list of alignments for each strand. To 
identify the best match and the secondary best match for each window, the LASTZ alignments 
were then filtered using the following protocol: 
1. The mapped window segments were sorted by their start nucleotide positions in the window. 
The alignments of the first two mapped segments in each window were compared, and if they 
overlapped by more than 50% of the length of either (after chaining by LASTZ, this only 
happened when the same portion mapped in different directions), the segment with the lower 
mapping score was removed, and the one with the higher mapping score was compared again to 
the next mapped segment in the window for overlap. All mapped window segments that did not 
overlap with other mapped segments were kept as well.  
2. The segments that mapped sequentially and in the same direction to the same dog chromosome 
were combined into a single segment if the ratio of the length of the combined dog segment to the 
length of the combined fox segment was between 0.8 and 1.2. This step allowed the identification 
of extended regions where fox segments were mapped to the same dog chromosome in the 
expected order and without large gaps. When segments were combined, the mapping score of the 
new, longer segment was calculated as the sum of the mapping scores of the two combined 
segments. 




4. The second filtering step (combining segments mapped to the same dog chromosome, in the 
same orientation, and of similar length between dog and fox) was run again to combine any 
segments that were previously separated by a short segment.  
5. Medium size mapping segments (<10,000 bp) were removed.  
6. The second filtering step was run again to combine any segments that were previously 
separated by a medium segment. 
When there was one filtered result for a window, this result was considered to be the main hit. 
When there were two hits for a window, the hit with the higher mapping score was reported as the 
main hit, and the lower score was reported as the secondary hit. When there were three or more 
remaining hits, the window was examined manually and if two or more non-adjacent mapping 
segments were on the same dog chromosome, in the same direction, and were located close to 
each other, they were combined to a single extended segment. The top score is used as the 
primary mapping location and the second highest is reported as the secondary hit. All subsequent 
matches are not reported. 
Out of 9,151 windows analyzed, 8,715 (95.3%) mapped to one location in the dog genome, 402 
to two locations, 18 to more than two locations, and 6 did not receive a location after filtering. 
The order of windows in the fox genome (Figure 2) was established using the alignment of the 
fox scaffolds against the dog genome and the known synteny between dog and fox 
chromosomes20,29,73,78.  
 
XII. Gene enrichment analysis.  
The human gene symbols assigned by reciprocal blast in the course of the gene annotation of the 
fox genome were used in this analysis. Fox orthologs of human genes located inside of or 
overlapping with windows used in the pooled heterozygosity (Hp) and FST analyses are listed in 
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Table 9, Appendix H. To determine the genes overlapping with each window, the intersect tool of 
bedtools was used with the options    –wa and –wb with the windows as the “a” file and the genes 
as the “b” file.  
 GO term overrepresentation analysis was performed for the significant windows identified in the 
Hp and FST analyses using the PANTHER (Protein ANalysis THrough Evolutionary 
Relationships) classification system85. The six data sets (genes identified in significant HpT, 
HpA, HpC, FSTTA, FSTTC, and FSTAC windows) were analyzed. The following 
overrepresentation tests were performed: “PANTHER GO-Slim Biological Process,” 
“PANTHER GO-Slim Molecular Function,” “PANTHER Protein Class,” “GO biological process 
complete,” “GO molecular function complete.” Annotations from the human (all genes in 
database) were used as a reference list. Only results of the overrepresentation test with p<0.05 
after Bonferroni correction are reported (Table 11, Appendix J).  
 
XIII. Comparison of fox significant windows with regions associated with domestication 
and positive selection in dogs. 
The positions of the 113 fox regions were compared with the dog regions associated with 
domestication and positive selection from four publications42,86-88. Because in three of these 
studies the dog regions were reported according their location in CanFam242,87,88, the positions of 
these regions were identified in CanFam3.1 using the liftOver tool from the UCSC browser. The 
syntenic regions were then identified using an alignment between the fox and dog genomes. Fox 
windows located within 2 Mb of the fox syntenic positions of the dog regions were considered to 
be regions that overlap between fox and dog. A p-value for the number of overlapping and close 
regions implicated in both dog domestication and our extended fox regions was computed by 
permutation. For each of the four sets of reported dog regions42,86-88, our fox regions were 
randomly permuted across the fox windows 10,000 times, and the number of permuted regions 
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that overlapped or were within 2 Mb of the dog regions was recorded. The p-value for the actual 
number of overlap/close regions is the percentage of replications where the number of permuted 
regions marked as overlapping/close to the dog regions was at or higher than the actual number of 
overlapping/close regions. 
 
XIV. Functional analysis of intergenic SNPs in significant windows. 
We used the well-annotated dog genome for functional analysis of intergenic SNPs. As with 
variant calling in the fox de novo assembly, the reads obtained for tame, aggressive, and 
conventional populations were aligned to the dog genome (CanFam3.1) using Bowtie281,82, and 
SNPs were called using the UnifiedGenotyper tool from GATK. The sequence variants that 
showed differences only between the dog and the fox (positions where all foxes were identical 
and different from dog) were removed. The remaining SNPs were polymorphic in foxes and were 
filtered using VCFtools156 to include only those that had two alleles, a mean depth from 30-180 
reads, and a quality of 100 or greater. This filtering step used the parameters: “--min-meanDP 10  
--max-meanDP 60 --min-alleles 2 --max-alleles 2 --minQ 100”. The predicted effects of the SNPs 
that passed the filtering (Table 21, Appendix T) were analyzed with the program SNPeff157 using 
the CanFam3.1.82 database from SNPeff. To find the SNPs located in significant Hp and FST 
windows, we utilized the results of mapping the windows to the dog genome to extract the 
variants that were located in dog regions that mapped to our significant windows. 
 
XV. Fine mapping of the region on VVU15. 
Twenty-five short polymorphic indels (1-7 nucleotides) were identified by analyzing the 
sequences of the re-sequenced foxes aligned to fox scaffold 1. Primers were designed with 
AmplifX version 1.7.0 (http://crn2m.univ-mrs.fr/pub/amplifx-dist) using the sequence of fox 
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scaffold 1. Forward primers were tagged with fluorescent tags, and markers were arranged into 
five multiplexes (Table 19, Appendix R). PCR was performed at a volume of 15 µl, using 20 ng 
of DNA, 1X Promega GoTaqTM Colorless Master Mix (Promega), and 0.3 pMol each of the 
tagged forward and untagged reverse primer, using the following conditions: 96°C 2 m; 30 cycles 
of 96°C (20s), 58°C (20s), 72°C (20s); final extension of 72°C 1 h. The PCR products were 
combined post-PCR and analyzed on ABI3730 Genetic Analyzer (PE Biosystems, Foster City, 
CA). PCR products were sized relative to an internal size standard using ABI GeneMapper 3.5 
software package (PE Biosystems, Foster City, CA). In total, 70 aggressive, 64 tame, 109 F1, and 
537 F2 individuals were genotyped.  
Haploview analysis98 of the tame and aggressive individuals was performed separately to 
determine the haplotypes in the two populations (Figure 10, Appendix Z). Based on the 
haploview data and the distances between the genotyped markers, three different sets of markers 
were chosen for haplotype analysis in the F2 population. The three maker sets were: upstream 
(left) of SorCS1 (i13, i16, i17, i19, i20), over SorCS1 (i11, i10, i9, i7, i3, i4, i1, i12) and 
downstream (right) of SorCS1 (i34, i37, i45, i47, i49, i52) (Table 19, Appendix R; Table 20, 
Appendix S). The frequency of the haplotypes for these three marker sets in the tame and 
aggressive populations were calculated by Haploview, and the F2 individuals were examined 
manually using the pedigree information to determine their haplotypes for each marker set. 
The haplotype network for the middle haplotypes was calculated using Network 5158. The 
median-joining method was used to calculate the network, leaving all options at the default 
settings. All haplotypes that were found by Haploview were used in the calculation (Figure 4). 
The effect of haplotypes on behavior was analyzed in the F2 population. F2 individuals that were 
homozygous for any haplotype in any of the three regions (left of SorCS1, at SorCS1 (middle), 
and right of SorCS1) were identified. The haplotypes that were present in a homozygous state in 
more than 10 F2s were selected for the analysis of their effect on DPC.1 phenotype30. The D.PC1 
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values of F2 individuals from the groups homozygous for different haplotypes were compared 
using the Kruskal-Wallis test, and, for haplotypes found to be significant with Kruskal-Wallis, a 
post-hoc Dunn’s test was used to compare individual haplotypes to each other. This analysis used 
the kruskal.test and dunn.test functions in R. 
 
XVI. Karyotype analysis. 
XVI.1. Chromosome preparation and banding techniques. A fibroblast cell line was established 
from an ear skin biopsy using conventional techniques159. Metaphase preparations were obtained 
as previously described73,160,161. Standard G- and C- bandings were made using the methods 
described in Seabright162and Sumner163. Chromosomes were identified according to Makinen164. 
XVI.2. Fluorescence in situ hybridization (FISH). Metaphase chromosomes from the fox primary 
fibroblast cell line were GTG -stained and captured. Slides were then washed in methanol-acetic 
acid fixative following xylol treatment. In situ hybridization was performed with a digoxigenin-
11-dUTP-labeled (TTAGGG)n telomere repeats probe and a biotin-11-dUTP labeled 18sRNA 
plus 28s RNA probe73,165. Hybridization signals were assigned to specific chromosomes or 
chromosome regions defined by G-banding patterns captured before hybridization 
XVI.3. Image capture. Digital images of the banded metaphase spreads and hybridization signals 
were captured as described73,161,166 using the VideoTest system (St. Petersburg, Russia) with a 
CCD camera (Jenoptic, Jena, Germany) mounted on a Zeiss microscope Axioscope 2 (Carl Zeiss, 




This project took advantage of the first draft of the red fox genome to identify regions of interest 
in tame, aggressive and conventional farm-bred fox populations.  Although the fox genome draft 
is represented in 676,878 scaffolds we found that the top 500 scaffolds include over 90% of the 
fox genome and can be used effectively as a reference. Work is currently underway to assemble 
these scaffolds into chromosomal fragments to facilitate future studies (Rando et al, 2017, in 
preparation).  
One of the shortcomings of the current assembly is the annotation of fox genes. Bioinformatic 
gene prediction located 21,418 possible genes, of which 15,826 could be annotated with high 
confidence gene symbols, leaving 5,592 unnamed genes. While many of these were partially 
annotated, there is a lot of work to be done to improve the fox annotation. In this study, the fox 
scaffolds were aligned against the dog genome, facilitating the identification of fox gene 
orthologs in regions of the fox genome syntenic to the dog.  Although the high quality dog 
genome will continue to be used in our future work in multiple ways, the availability of the draft 
fox genome assembly is a critical step forward. 
One of the ultimate goals of this project was to discover genes and specific variants that were 
selected for in the experimental domestication of the fox.  For the first time, we showed that using 
a combined approach we can identify a region of interest, translate it into a specific gene, and 
then show a likely effect of a specific haplotype on behavior, enabling a search for the haplotype 
linked to the effect, and preparing us to identify a specific causative variant.  
This project increased the number of SNPs identified in the red fox from 48 thousand to over 8 
million. Additionally, for the first time, the conventionally bred fox population, the population 
that the selected strains were derived from, was included in the analysis. Previous work utilizing 
genotyping by sequencing of reduced representation libraries showed that the tame and 
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aggressive lines were genetically distinct. This work confirmed that finding and showed that, as 
expected from the population history, the aggressive line is genetically closer to the 
conventionally bred foxes. 
Another shortcoming of this study was the shallow sequencing of the individual foxes. This 
sequencing only allowed us to estimate the population frequency and to make medium confidence 
genotyping calls for individual foxes. These individual genotypes allowed us to describe the 
populations using principal component analysis and STRUCTURE, but did not allow us to refine 
our estimate of LD decay. To address these limitations, we have begun a new project increasing 
the number of sequenced tame and aggressive foxes from 10/10 to 83/81. Each individual fox will 
be sequenced with at least 15x coverage; therefore, the sequencing data for these foxes will be 
deep enough to call high confidence individual genotypes. We are also planning on tripling the 
number of F2 foxes that are genotyped from the current ~500 to ~1,500. We will be able to use 
statistical testing of F2 haplotypes compared to behavioral data, as we did successfully to show 
behavioral effects of SorCS1 haplotype for many identified genomic regions. This will allow us 
to potentially identify haplotype structure of these regions and locate the specific variants on 
those haplotypes that are causative. We will combine previous work, including RNA-seq, reduced 
representation genotyping by sequencing, and this study with the new results to prioritize regions 
and genes to investigate. Once we have a reliable, high confidence list of genes potentially 
involved in the experimental domestication of the fox, we will compare them to the genes that 
have been discovered in other domesticated animals to investigate whether the same genes or 
pathways are involved in multiple domestication events, or if different genetic routes to 
domestication exist.  
The fox model is a complex one, with multiple genes influencing many aspects of behavior. This 
complexity has posed many challenges in dissecting the behavior and the genetics behind it, 
leading to a discovery-driven, combined model of research that is finally yielding information 
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about some of the specific genes involved. As more complex, genetically determined traits are 
investigated in more organisms, approaches to genetic research are evolving. The availability of 
genomic resources for more organisms, the development of new statistical techniques to probe the 
vast amounts of data that are now possible to generate, and the ability to compare results between 







Table 1. Major SorCS1 haplotypes. The major haplotypes that were found in each of the three 
regions within the genotyped 5-Mb interval surrounding SorSC1 (left of SorCS1, at SorCS1 
(middle), and right of SorCS1). Only haplotypes that reached 10% frequency in at least one of the 
two populations are shown. The haplotype names in column one are the same names listed in 
Table 20, Appendix S, which contains extended information about the haplotypes found. The 
frequencies in the tame and aggressive populations are based on the data from Haploview. The 
number of homozygotes in the F2 population is listed, along with the mean value and variance for 
D.PC1 in the homozygous individuals. The cumulative distribution of D.PC1 values in F2 
















SorCS1 region     
trq 7% 47% 15 -0.29 0.64 
lav 2% 37% 40 -0.55 1.06 
olv 61% 0% 50 0.07 0.95 
pch 16% 10% 7 -0.53 1.23 
Left of SorCS1      
re 19% 33% 35 -0.14 1.17 
gr 20% 31% 37 -0.03 0.95 
yl 40% 0% 26 -0.39 1.14 
Right of SorCS1     
p 17% 29% 61 -0.50 1.14 






Figure 1. Principal component analysis (A), neighbor-joining tree analysis (B), and 
STRUCTURE analysis (C) of the fox populations. All analyses were performed using SNP 
data for 30 foxes (10 each from the tame, aggressive and conventional populations) whose 
genomes were re-sequenced. In figures A and B, each individual is represented by shape (A) or 
line (B). In figure C, each individual is represented by a bar that is segmented into colors based 
on its assignment into inferred clusters given the assumption of k populations. The length of the 
colored segment is the estimated proportion of the individual’s genome belonging to that cluster. 
Each level of k was run 4 times, but the data shown is from the run giving the highest estimated 
probability of observing the data. The assumed number of clusters (k) is indicated on the y-axis. 
The population origin of individuals is indicated on the x-axis.  
 
  































Figure 2: Genome-wide fixation index (FST) and Pooled Heterozygosity (Hp) analyses across 
the fox genome. Dots on all panels represent the 500-kb windows analyzed in both the FST and 
Hp analyses. The order of the windows is based on the LASTZ mapping of individual windows to 
the dog genome and the previously published fox/dog synteny map (chimeric scaffolds are split to 
reflect the most likely location of each window in the fox genome). Gray vertical lines separating 
fox chromosomes and chromosome numbers are indicated in panel B. Panels A, C, and E: FST 
analysis across the fox genome. The horizontal line is FST = 0.45. Panels B, D, and F: Hp 
analysis across the fox genome. The gray patterned box and colored dots indicate the windows 
that reached significance in that population. The dots that are outlined in the non-significant 
zones are windows that reached significance in a different population.  
A. FST between the tame and conventional populations. B. Hp in the tame population. The 
significance cutoff is 0.066. C. FST between tame and aggressive populations. D. Hp in the 
aggressive population. The significance cutoff is 0.100. E. FST between aggressive and 
conventional populations. F. Hp in the conventional population. The significance cutoff is 0.148.   
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Figure 3. SorCS1 region on VVU15. The top panel represents the QTL plot for D.PC1 (black 
line) and the distribution of FST values (purple) between the tame and aggressive populations. The 
position on VVU15 is approximated by adding the lengths of the portions of the scaffolds that 
mapped to the syntenic dog chromosomes (CFA31, CFA28). The three lower panels show the FST 
and Hp values on fox scaffold 1: 40-45Mb, the segment that maps to the region on VVU15 
(CFA28 segment) that has the QTL for D.PC1 and a significant hit for FST between the tame and 
aggressive populations. The fifth panel shows the results of the Fisher exact tests for allele 
frequency differences between the tame and aggressive populations conducted using individual 
SNPs. The x-axis is the –log10 transformed unadjusted p-values. The bottom panel shows the 
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Figure 4. Network analysis of the SorCS1-associated haplotypes and the effect of the 
haplotypes on behavior in the F2 population. A. Haplotype network analysis in the tame and 
aggressive populations calculated with Network 5. The size of the circles is scaled relative to the 
frequency of the haplotype in both populations combined, and the center of the circle is colored to 
show the relative frequencies of the haplotype in either population (tame being green and 
aggressive being red). The outer circle of the three major haplotypes (olv, trq, and lav) are 
colored as in panel B. The length of the lines between the haplotypes is scaled relative to the 
number of genotypes for individual markers that differ between the haplotypes, ranging from 1-3. 
The black node is the calculated median vector from the Network 5 run. B. Cumulative 
distributions of the scores for the behavioral phenotype D.PC1 among F2 individuals 
homozygous for the three main haplotypes: olv, lav, and trq. The primary tame haplotype, olv, is 
shown in olive green, and the most common aggressive haplotypes, lav and trq, are shown in 
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Appendix A: Fox sequencing and assembly statistics 
Table 2. Fox sequencing and assembly statistics. A. The amount of sequencing produced for 
libraries with different insert sizes. B. Fox genome assembly statistics. 
A. The amount of sequencing produced for libraries with different insert sizes. 
Pair-end libraries Insert size Reads length 











170bp 100 71.87 29.95  61.04 25.43  
250bp 150 44.72 18.63  38.33 15.97  
500bp 100 43.33 18.05  36.51 15.21  
800bp 150 48.76 20.32  31.68 13.20  
2kb 49 47.52 19.80  26.71 11.13  
5kb 49 38.12 15.88  13.15 5.48  
6kb 49 18.05 7.52  5.43 2.26  
10kb 49 37.18 15.49  10.89 4.54  
20kb 49 17.32 7.22  1.65 0.69  
Total - - 366.87 152.86  225.39 93.91  
* assuming the Genome Size is 2.4 Gb 
** after filtering the raw data 
 
B. Fox genome assembly statistics. 
Total length of the assembly  
2,495,544,672 
bp 
Contig N50 20,012 bp 
Scaffold N50 11,799,617 bp 
Longest scaffold 55,683,013 bp 
Average scaffold size 3,686 bp 




Appendix B: Fox genome annotation statistics 
Table 3. Fox genome annotation statistics. A. Statistics of predicted protein-coding genes. B. 
Gene function annotation statistics. 
A. Statistics of predicted protein-coding genes.  
  

























Genes 21,418 29,510 1,479 3,813 177 8 
    
   
B. Gene function annotation statistics. 
   
  
Number Percent (%)  




   
InterPro 18,345 85.65 
 
   
KEGG 16,308 76.14 
 
   
Swissprot 20,668 96.50 
 
   
TrEMBL 21,019 98.14 
 
   
Annotated 21,028 98.18 
 
   
Unanotated 390 1.82 
 




Appendix C: Supplementary file, dog chromosomes syntenic to the 
fox scaffolds   
Table 4. Dog chromosomes syntenic to the fox scaffolds Cases where a scaffold may overlap a 
historical fusion event, thereby corresponding to two dog chromosomes but a single fox 
chromosome, are highlighted. The ID numbers of corresponding scaffolds are in bold. 




Appendix D: Supplementary file, the amount of sequencing data 
produced and mapped 
Table 5. The amount of sequencing data produced and mapped to the fox assembly for 30 re-
sequenced foxes from the three populations. 





Appendix E: Fox SNPs identified with two programs ANGSD and 
GATK. 
Table 6. Fox SNPs identified with two programs ANGSD and GATK. The number of SNPs 
identified by GATK and ANGSD after quality filtering are presented. 
Method ANGSD GATK SNPs identified 
by both methods 





Appendix F: Supplementary file, statistics of the STRUCTURE 
analysis. 
Table 7. Statistics of the STRUCTURE analysis  
The detailed statistics. STRUCTURE was run four times for each level of k, 1 through 5. The 
data for each of the four runs at each k is shown. At level k, the data is separated into k clusters. 
The proportion of the data that was assigned to each cluster is indicated by the right-most 
columns labeled “inferred clusterN”. The order of the clusters is random between runs. The 
estimated log probability of observing the data given the model was calculated by STRUCTURE. 
The mean value of the log likelihood is averaged over each of the 100,000 MCMC runs. The 
variance is the variance of the log likelihood over those runs. 
The summary statistics. For each level k mean of the three statistics, the estimated log 
probability of observing the data, the mean of the log likelihood, and the mean of the variance 
over the four runs, is shown. Delta k was calculated for three values of k: 2, 3, 4 and is shown on 
the line with the mean data for that k level. 




Appendix G: Pooled heterozygosity (Hp) analysis 
Table 8. Pooled heterozygosity (Hp) analysis. A) The Hp value cut offs that would be appropriate 
for each population, for varying p-values, as established by permutation. Permutation was 
performed separately for each of the three populations (Figure 7, Appendix W). B) The number 
of low Hp windows identified in each of three populations at each cut-off. The highlighted 
column represents the threshold Hp value at the p-value cut off used in each of the three 
populations (A), and the number of significant Hp windows identified in these populations (B). 
Given that the total number of analyzed windows is 9,151, the p-value for α = 1/10,000 was 
selected as an appropriate cut off due to the low number of expected false positives associated 
with this alpha (1 per population). 
A. Hp value cut-off for various p-values 
P-value 0 0.00001 0.0001 0.001 0.01 0.05 0.25 0.5 
Tame 0.05600 0.05701 0.06611 0.09209 0.11442 0.13495 0.16016 0.17338 
Aggressive 0.08955 0.09062 0.10033 0.14404 0.16575 0.18523 0.20802 0.22108 
Conventional 0.14128 0.14197 0.14815 0.17019 0.19232 0.21005 0.23129 0.24332 
B. Number of windows that reach each threshold 
Tame 74 76 96 176 267 387 555 682 
Aggressive 44 47 60 136 205 294 415 499 




Appendix H: Supplementary file, significant windows, combined 
windows, and regions 
Table 9. Significant windows, combined windows, and regions. 
All significant Hp and FST windows are listed. The first column indicates the region, which is the 
largest unit of conglomeration. 113 regions of the fox genome were identified in which any class 
of significant windows (Hp or FST) were located on the same scaffold at a distance of 1 Mb or 
less. Regions are separated by double lines. The second column is the fox chromosome on which 
the window is most likely to be located. The fox chromosomal assignments are based on the 
LASTZ mapping of the fox windows to the dog genome and on known dog/fox synteny. 
Different fox chromosomes are highlighted in different colors. Fox chromosomes are numbered 
VVU#.#. The first number, before the period, is the fox chromosome, the second number, after 
the period, is the chromosomal segment based on the dog/fox synteny, i.e.: fox chromosome 3 is a 
fusion of dog chromosomes 36, 34, and 6, and VVU03.1 is the segment of VVU3 that 
corresponds to CFA23, VVU03.2 is the segment that corresponds to CFA34, and VVU03.3 is the 
segment that corresponds to CFA6. The next six columns indicate the statistic(s) that are 
significant in the window. These columns also identify combined windows, with gray boxes 
combining two cells in a column or more. Combined windows were formed when windows 
significant for the same statistic were identified on the same fox scaffold with gaps not more than 
1 Mb. Empty cells highlighted in gray indicate that the corresponding window is not significant 
for that statistic itself but falls within a combined window. Columns representing these statistics 
are as follows: HpT = significant Hp window in the tame population, HpA = significant Hp 
window in the aggressive population, HpC = significant Hp window in the conventional 
population; FSTTA = significant window identified in the FST analysis of tame and aggressive 
populations, FSTTC = significant window identified in the FST analysis of tame and conventional 
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populations, and FSTAC = significant window identified in the FST analysis of aggressive and 
conventional populations. The next three columns to the right provide information about the 
scaffold number and the start and end of the window on that scaffold. Then, six columns provide 
Hp and FST values for each window identified in all 113 regions. The colored bars allows to 
visualize values obtained for each window. Significant windows are highlighted in gray. The 
number of SNPs in each window and the average read depth per window are also listed. The 
corresponding dog chromosome with the start, end, and direction of the window’s mapping with 
LASTZ is also given. Lastly, any genes that were named in the reciprocal best match are listed. 
Genes that did not receive a name but are in the annotation are listed as Vulp_V######. 




Appendix I: The number of genes identified in significant Hp and 
FST windows 
Table 10. The number of genes identified in significant Hp and FST windows and the number of 
overlapping genes between windows. FSTTA - number of genes in windows significant in the FST 
analysis of tame and aggressive populations, FSTTC - tame and conventional populations, 
FSTAC - aggressive and conventional populations; HpT - number of genes in windows identified 
as significant in the Hp analysis of tame population, HpA – aggressive population, HpC - 
conventional population. 
  Fst TA Fst TC Fst AC HpT HpA HpC 
Fst TA 734 181 0 37 76 10 
Fst TC   286 0 19 46 9 
Fst AC     3 0 0 3 
HpT       139 0 0 
HpA         159 5 




Appendix J: Supplementary file, PANTHER overrepresentation 
statistics 
Table 11. PANTHER overrepresentation statistics. Only overrepresentation test results with 
p<0.05 after Bonferroni correction are reported. Three genes that were common across all GO 
terms identified in the analysis of the HpT windows are in italics. Fourteen genes that were 
common across the GO terms "natural killer cell activation," "B cell mediated immunity," 
"receptor binding," and "carbohydrate binding" are in bold. Seven genes that were common 
across the GO terms "interleukin-1 receptor binding," "cytokine-mediated signaling pathway," 
and "cytokine receptor binding" are underlined. 




Appendix K: Genomic regions identified in the analysis of pooled 
heterozygosity (Hp) and fixation index (FST). 
Table 12. Genomic regions identified in the analysis of pooled heterozygosity (Hp) and fixation 
index (FST). Windows with significant Hp values are combined into a single window when there 
is no gap larger than 1 Mb between the significant windows and the windows are located on the 
same scaffold. The same rule was applied to merging significant FST windows into combined FST 
windows. The number of regions and scaffolds associated with the significant windows found in 












Fox chromosomes  Length of the 
longest region 
in the fox 
genome 
HpT 30 29 21 3, 4, 6, 7, 8, 11, 12, 
13, 14, 16 
6.00 Mb 
HpA 19 18 15 1, 3, 4, 7, 8, 12, 14 5.13 Mb 
HpC 10 10 9 1, 3, 4, 10, 12, 14 1.25 Mb 
FSTTA 68 67 57 1, 2, 3, 4, 6, 7, 8, 9, 
10, 11, 12, 13, 14, 
15, 16, X 
11.75 Mb 
FSTTC 48 43 34 1, 3, 4, 6, 7, 8, 10, 
11, 12, 14, 16, X 
3.75 Mb 






Appendix L: Supplementary file, Comparison of 113 regions of 
interest identified in the fox with regions under selection in dogs 
Table 13. Comparison of 113 regions of interest identified in the fox with regions under selection 
in dogs. In three publications, vonHoldt et al., 2010, Axelsson et al., 2013, and Wang et al., 2013, 
dog regions were listed according to CanFam2. In the table we list the positions of these regions 
in both CanFam2 and CamFam3. 





Appendix M: Fox orthologs of genes associated with autism 
spectrum disorders and bipolar disorder 
Table 14. Fox orthologs of genes associated with autism spectrum disorders and bipolar disorder 
in humans and/or found to affect aggression in mouse models that were identified in significant 



















to be involved 
in mouse 
aggression 
AKAP9 suggestive evidence BAZ2B CNGA2 
AMPD1 suggestive evidence CACNA1C DCT 
APH1A suggestive evidence CHRNA7 KCNJ3 
ATP10A suggestive evidence GNG4 NCAM1 
CACNA1C syndromic GPR50 PAK7 
CHRNA7 suggestive evidence IQGAP2 PRNP 
CNTNAP2 syndromic, strong 
candidate 
NCAM1 TACR1 
GRIN2B high confidence NTF3   
KAT2B strong candidate PTPRO   
MAGEL2 syndromic, strong 
candidate 
RASGRF2   
MYO9B suggestive evidence RBFOX1   
PIK3R2 syndromic SCAMP1   
PLCB1 suggestive evidence ZNF385D   





Appendix N: Supplementary file, Pooled heterozygosity analysis in 
the region partly syntenic to the Williams-Beuren syndrome region 
in humans 
 
Table 15. Pooled heterozygosity analysis in the region partly syntenic to the Williams-Beuren 
syndrome region in humans. Significant HpA windows are highlighted in gray. 





Appendix O: Missense mutations identified 
Table 16. Missense mutations identified in CACNA1C, CNTNAP2, ATP10A, MYO9B, IQGAP2, 
PTPRO, and DCT genes. 

























CACNA1C SNP1 chr27:44,648,540 T/C T Ile937Thr 17T/11C 36T/0C 15T/0C 
  SNP2 chr27:44,737,495 C/T C Thr1875Ile 36C/0T 19C/51T 13C/13T 
CNTNAP2 SNP1 chr16:3,004,119 C/G G Glu552Asp 0C/26G 23C/24G 16C/17G 
ATP10A SNP1 chr3:35,008,222  A/G A Asp924Gly 9A/20G 32A/36G 36A/3G 
  SNP2 chr3:35,027,759  G/A G Val1416Met 7G/27A 20G/36A 29G/3A 
  SNP3 chr3:35,027,654  G/A G Ala1381Thr 8A/23G 8A/35G 19A/22G 
MYO9B SNP1 chr20:45,525,137  G/T G Gln1222Lys 1G/32T 6G/42T 18G/9T 
IQGAP2 SNP1 chr3:29,998,116  T/C T Met330Val 9C/17T 22C/6T 0C/34T 





Appendix P: Supplementary file, the genes associated with human 
behavioral disorders that were highlighted in this study 
Table 17. The genes associated with human behavioral disorders that were highlighted in this 
study.  




Appendix Q: Supplementary file, Fox QTL that overlap with 
genomic regions 
Table 18. Fox QTL that overlap with genomic regions from Table 9, Appendix H. Positions of 
markers located at up to 5 cM distance from the most significant QTL position are highlighted in 
orange. Positions of markers located at up to 15 cM distance from the most significant QTL 
position are highlighted in peach.  





Appendix R: Supplementary file, Primer pairs and multiplexes 
used for genotyping 
Table 19. Primer pairs and multiplexes used for genotyping the 5-Mb region on VVU15. 





Appendix S: Supplementary file, Haplotypes identified in the 5-
Mb interval on VVU15 
Table 20: Haplotypes identified in the 5-Mb interval on VVU15. Frequency of haplotypes 
identified in tame and aggressive populations by Haploview. Only haplotypes with a frequency > 
1% in either population are shown. Indel i7 had 4 alleles. Allele 270 was used as allele 1 in the 
Haploview run, and alleles 272/273/274 were binned as allele 2. After Haploview was run, the 
individuals with haplotypes that included binned alleles were examined, and the correct allele 
from the list of binned alleles was chosen. In all cases there was only one allele possible. 
Haplotypes that are shared between the populations are shaded the same color in both 
populations. 




Appendix T: Fox SNPs identified using the dog genome as a 
reference. 
Table 21. Fox SNPs identified using the dog genome as a reference. 
Total number of variants identified 
(dog-fox variants and fox SNPs) 
54,948,675  
Dog-fox variants  42,421,292 
Fox SNPs before filtering  12,527,383 





Appendix U: Karyotype of male fox Reef whose genome was 
sequenced 
Figure 5. Karyotype of male fox Reef whose genome was sequenced. (A). GTG-stained 
chromosomes of Reef. The chromosomes are numbered according to the nomenclature of 
Makinen (1985). Framed are the Y-chromosome and supernumerary chromosomes (B-
chromosomes) from other Reef’s cells bearing 1, 2 and 3 B- chromosomes. (B). CBG-stained 
chromosomes of Reef. (C, D). Localization of telomeric repeats (red signals) and nucleolar 
organizer regions (green signals) in the genome of Reef. Black diamonds indicate centromere 
positions. Note that telomeric repeats are identified at the ends of all chromosomes and in the 
centromeric regions of all chromosomes except VVU7, VVU11, VVU13, and VVUX. Red 






Appendix V: Alignment of fox scaffolds against CanFam3.1 with 
LAST 
Figure 6. Alignment of fox scaffolds against CanFam3.1 with LAST. Examples of scaffolds 





Appendix W: Distribution of pooled heterozygosity (Hp) values 
Figure 7. Distribution of pooled heterozygosity (Hp) values and minimum values from 10,000 
permutations. The horizontal axis is the Hp value, the vertical axis is the density. The tame 
population is indicated by the green line, the aggressive population by the red line, and the 
conventional population by the gold line. The Hp distributions obtained for each of the three 
populations are in darker colors than the distributions built using permuted values. The vertical 
dotted lines indicate the cutoff value used in the manuscript. (green, tame = 0.06611; red, 
aggressive = 0.10033; gold, conventional = 0.14815.) 
(A) Distribution of Hp values in each of the three populations. The Hp values for the 9,151 
windows analyzed in each of the populations are presented. The Hp distribution in all three 
populations is non-normal, with all three having a tail to the left. The skew is more pronounced in 
the tame population. All three populations have their highest point at a very similar value for Hp, 
with the tame population having the lowest value of the three. 
(B) Permutation of Hp values in each of the three populations. The allele frequencies were 
permuted 10,000 times, and the value for Hp was calculated in every window with >= 20 SNPs. 
The minimum value observed in each permutation was recorded. The distribution of these 
minimum values is shown. In contrast to the distributions of the real data, the peaks differ 
noticeably between the distributions of permuted minimum Hp across the populations. The 
0.0001 percentile of the minimum Hp of the permutations, as calculated by R, was used as the 
cutoff value for the real data and is indicated by vertical dashed lines. (Green, tame = 0.06611; 
red, aggressive = 0.10033; gold, conventional = 0.14815.) Note: The X-axis is the same for all 
graphs, and the Y-axis scale for graphs B-E is comparable although the scale for the Y-axis of 




Figure 7 (cont.) 
(C-E).  Distribution of original Hp values and permuted Hp values in each of the three 
populations. The three populations are graphed separately, with the real data and the minimum 
Hp of the permutations superimposed.  
Permutations are a method for using the available data to estimate the likely range of values that 
would be observed under a neutral model (where no regions differed from any others). The cutoff 
value chosen, the 0.0001 percentile of the minimum of permutations, means that we would 
expect, if the distribution of the allele frequencies occurred by chance, less than one significant 
window in our set of 9,151 windows. We found 96 Tame, 60 Aggressive, and 14 Conventional 
windows with Hp values below the cutoff. We cannot be certain if the differences in the 
populations are due to drift or selection. The locations of the peaks of the distributions of the 
three populations in the real data is very similar. This pattern is consistent with the breeding 
strategy that was carried out during the development of the strains, where foxes were kept as 
outbred as possible while placing the tame and aggressive populations under strong selection. The 
small shift to the left in the tame vs the conventional population is likely indicative of drift or 
inbreeding. There is a large difference in the left tail of the distribution. This skew could be 
caused by selection or by drift acting unevenly over the genome. This fat tail is what drives the 
shift in the distributions for the tame population and lowers our tame cutoff value. The cutoff 
value was chosen to be very conservative and to allow for robust conclusions even if a large 
proportion of the tail is caused by drift. Even though the tame population has the lowest cutoff 
value, it has the highest number of significant windows. It is also the population that has been 





Figure 7 (cont.) 
 
  







































































Appendix X: Size distributions of combined windows identified in 
Hp and FST analyses 
Figure 8. Size distributions of combined windows identified in Hp and FST analyses of fox 
populations. Significant windows identified in the same analysis (HpT, HpA, HpC, FSTTA, 
FSTTC, or FSTAC) were merged into combined windows when the windows were located on the 
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Appendix Y: Distribution of CACNA1C and CNTNAP2 SNP 
alleles 
Figure 9. Distribution of CACNA1C and CNTNAP2 SNP alleles in tame, aggressive, and 
conventional populations. The frequency is estimated using read count per allele per population. 
Reference alleles are marked by orange color, fox specific alleles are marked by blue color on 
both sides of the figure. 
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Appendix Z: Haploview analysis of genotypes along VVU15 
Figure 10. Haploview analysis of genotypes along VVU15 in the tame and aggressive 
populations. The relative order of the genotyped markers on fox scaffold 1 is shown. This region 
in the fox genome is syntenic to CFA28. The region with the strongest LD in tame population 













Appendix AA: Cumulative distributions of D.PC1 values among 
F2 individuals 
Figure 11. Cumulative distributions of D.PC1 values among F2 individuals homozygous for the 
main haplotypes (Table 1). Only haplotypes with more than 10 F2 homozygous individuals are 
shown. Each point on the graph represents a single F2 fox. The y-axis is the D.PC1 score. The x-
axis is a rank of individuals in each population. Individuals are evenly spaced on the x-axis and 
ranked, from lowest to highest, by their respective D.PC1 scores. 
A. The cumulative distributions of D.PC1 scores for F2 individuals homozygous for the Left 
haplotype. This region overlaps the SorCS3 gene. 
B. The cumulative distributions of D.PC1 scores for F2 individuals homozygous for the 
Middle (SorCS1) haplotype. This region overlaps the SorCS1 gene. Note the large difference 
between the haplotypes olv and lav, especially at the midpoint. 
C. The cumulative distributions of D.PC1 scores for F2 individuals homozygous for the 
Right haplotype. This region includes the XPNPEP1, ADD3, MXI1, SMNDC1 and DUSP5 
genes. While there is a difference in the lower part of the distribution, the two groups are very 



























































Appendix AB: Statistical analysis of SorCS1 haplotypes 
Using re-sequencing data, we identified 25 short insertions/deletions distributed relatively equally 
across a 5 Mb interval on scaffold 1, which is syntenic to CFA28: 16,797,450- 21,839,153 bp 
(Table 19, Appendix R). Identified polymorphisms were genotyped with fluorescent primers in 
F2 pedigrees and additional samples from tame (n=64) and aggressive (n=70) foxes. 
The analysis of genotypes in the tame population using Haploview grouped eight markers located 
within and in close proximity to the SorCS1 gene (scaffold1:41,647,754-42,312,608 bp, 
CFA28:18,389,720-19,052,218 bp) into one linkage disequilibrium (LD) block (Figure 10, 
Appendix X). Within this LD block Haploview identified one haplotype (olv) with frequency 
60.6% in the tame population that was not observed in the aggressive population (Table 1; Table 
20, Appendix S). Two other haplotypes (trq and lav) formed by these markers were most often 
observed in the aggressive population and the fourth common haplotype (pch) was seen in both 
populations (Table 1; Figure 4). Additionally, there were four more, uncommon haplotypes which 
do not reach 10% frequency in either population. All eight haplotypes were observed in the F2 
pedigrees but only for three main haplotypes (olv, trq, and lav) we observed at least 10 
homozygous individuals (Table 1). In the F2 population, the differences in behavior of F2 
individuals homozygous for any of the three main haplotypes (olv, trq, and lav) are statistically 
significant, (Kruskal-Wallis, p=0.03). F2 individuals inherited two copies of the tame haplotype 
(olv) have the highest values for behavior (mean: 0.068) while individuals inherited two copies of 
the most common aggressive haplotype (lav) had the lowest values (mean: -0.546) (Table 1; 
Figure 4; Figure 10, Appendix X). A post-hoc Dunn’s test with Benjamini-Hochberg correction 
achieved a p=0.0142 for the comparison of lav and olv homozygotes (Figure 4), while other pair-
wise comparisons of homozygotes for main haplotypes were not significant (p>0.2). 
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Haplotype analysis of five markers (scaffold1: 40,049,127-40,603,587 bp, CFA28: 16,797,450-
17,348,410 bp) located on the left end of the mapped interval and containing the SorCS3 gene 
identified 13 haplotypes in tame and aggressive populations. Three haplotypes (re, gr, yl) were 
common (reached at least 10% frequency in either population) and were present in the 
homozygous state in F2 pedigrees (Table 1; Table 20, Appendix S). No significant differences in 
behavior of F2 individuals homozygous for any of the three haplotypes were observed (Kruskal-
Wallis, p=0.44) (Figure 11, Appendix AA). Haplotype analysis of six markers on the right side of 
the interval (scaffold1:44,453,503-45,131,383 bp, CFA28:21,165,254-21,839,153 bp) 
overlapping with five genes (XPNPEP1, ADD3, MXI1, SMNDC1 and DUSP5) identified 10 
haplotypes in tame and aggressive populations. Five haplotypes (r, p, h, s, b) were common 
(frequency of >10% in either population) but only two had enough homozygous F2 individuals to 
analyze (p, s) (Table 1; Table 20, Appendix S). The differences in behavior of F2 individuals 
homozygous for these two haplotypes were also not significant (Kruskal-Wallis, p=0.18) (Figure 
11, Appendix AA). 
